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CHAPTER 1. GENERAL INTRODUCTION 
Introductioii 
Pesticides may be deliberately applied to soil or inadvertently reach soil during pest 
control procedures. Once pesticides are in the soil th^ may volatilize into the atmosphere, be 
taken up into plants, degrade in the soil, adsorb to the soil, leach to subsurface soils or 
groundwater or runoff into surface waters. Compounds that are rapidly degraded in the soil 
may not provide adequate pest control. In contrast, pesticides that are recalcitrant to 
degradation and remain in soil have a greater potential to move off-site and contaminate 
groundwater or surface water. The presence of pesticides in the soil, their off-site movement 
to surface water and groundwater and the detection of pesticide residues in food has 
heightened public interest in the persistence and toxicological significance of these substances. 
This research was conducted to investigate the mobility and persistence of metolachlor in soil 
and the persistence of metolachlor and atrazine in surface water. In addition, submerged and 
floating aquatic plants were evaluated to determine their ability to remediate herbicide-
contaminated surface water. 
Metolachlor: Use 
Metolachlor, 2-chloro-^-(2-ethyl-6-methylphenyl)-^-(methoxyprop-2-yI)acetamide, is 
a selective preemergent chloroacetamide herbicide manufactured by Ciba-Giegy and sold 
under the trade names Dual®, Ontrack®, and Pennant® [I]. Approximately 22 million kg 
active ingredient (a.i.) of metolachlor are used in the United States each year to control annual 
grass weeds and broadleaf weeds in agricultural crops (soybeans, com, sorghum, cotton, 
peanuts, and potatoes), along highways, and at railroad rights-of-way [1,2]. The greatest 
quantity of metolachlor is used in the upper Midwestern United States where much of the 
nation's com and soybeans are produced. In 1982 approximately 14 million kg a.i. of 
metolachlor were used within a ten state area (Illinois, Indiana, Iowa, Kansas, Minnesota, 
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Missouri, Nebraska, Ohio, South Dakota, and Wisconsin) [3]. Metolachlor is the most widely 
used herbicide in Iowa. More than 5 million kg of metolachlor were applied to Iowa fields in 
1992 [4]. 
Metolachlon Degradation 
The half-life of metolachlor (field application rate) in soil has been estimated to range 
fi-om 15 to 25 days in the southern areas of the United States and 30 to 50 days in the 
northern areas [2]. The dissipation of metolachlor fi-om soil is primarily a result of 
degradation, with a small percent of metolachlor's dissipation resulting fi-om surface runofi^ 
leaching, and volatilization [5, 6], Degradation of acetanilide herbicides in soil is primarily 
due to microbial decomposition [7]. Beestman and Deming [8] noted the degradation rate of 
alachlor, butachlor and propachlor was fifty times slower in autoclaved soil compared to 
viable soil. Bouchard et al. [9] reported complete suppression of metolachlor degradation in 
an autoclaved silt loam soil after a 120-d incubation period. Liu et al. [10] measured the 
persistence of metolachlor in nonsterile and y-irradiated soil perfusion systems. Only 33.9% 
of the applied '"^-metolachlor remained unchanged in the nonsterile system, after 28 days, 
while 87.8% remained unchanged in the y-irradiated system. In the nonsterile system, 18.4% 
of the applied was mineralized to '"CO,. Mineralization was completely suppressed in the 
y-irradiated soil. 
Several researchers have studied the degradation of metolachlor in soil and microbial 
cultures and a number of degradates have been identified (Figure 1). The general 
transformation mechanisms involved in the degradation of metolachlor include dechlorination, 
dealkylation, hydroxylation, indoline formation, and oxoquinoline formation [1, 11-14]. Guth 
(1981) and Ellegehausen (1976) identified the oxalic acid derivative A''-(2-ethyl-6-
methylphenyI)-A^-(methoxyprop-2-yl)oxalamide (Ml) as the major metolachlor metabolite 
extracted from nonsterile sandy loam and clay loam soils (16.4% and 18% of the applied '"C) 
[11, 13], Additional metabolites identified from nonsterile soil extracts included 2-chloro-A'^ 
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Figure I. Melolachlor and metolachlor degradation products. 
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(2-ethyI-6-methyIphenyl)-^-(hydroxyprop-2-yI)acetamide (M2), and the dechlorinated 
metabolites ^-(2-ethyl-6-methylphenyl)-^-(methoxyprop-2-yl)acetamide (M3), 2-hydroxy-A''-
(2-ethyl-6-methylphenyl)-^-(methoxyprop-2-yl)acetamide (M4), 4-(2-ethyl-6-methylphenyI)-
5-methyl-3-morpholinone (M5), and 2-hydrojqr-^-(2-ethyI-6-methylphenyl)-JV-(hydrojQ^rop-
2-yI)acetamide (M6) [1, 11]. The dechlorinated metabolite (M3) was also identified as a 
major metolachlor degradate from an autoclaved clay loam soil. This metabolite accounted 
for 30% of the applied radioactivity after a 12-week incubation period [1]. McGahen and 
Tiedje [12] studied the degradation of metolachlor in cultures of a soil fungus Chaetomium 
globosum and reported 45% of the applied metolachlor had been transformed in 6 days. Eight 
extractable metabolites were recovered. Four metabolites were identified as (M2), 2-chloro-
A''-(2-ethyI-6-methylphenyl)acetaniide (M7), 2-hydroxy-iV-(2-methyl-6-vinylphenyl)-A''-
(methoxyprop-2-yl)acetamide (M8), and 3-hydroxy-8-methyl-^-(methoxyprop-2-yl)-2-oxo-
1,2,3,4-tetrahydroquinoline (M9). The remaining metabolites were tentatively identified as 3-
hydroxy-^-isopropyl-8-methyl-2-oxo-1,2,3,4-tetrahydroquinoIine (Ml 0), A''-(methoxyprop-2-
yl)-8-methyl-2-oxo-l,2,3,4-tetrahydroquinoline (Ml 1), A'"-(metho;^rop-2-yl)-A'^(2-methyI-6-
vinyl)aniline (M12), and l-(methoxyprop-2-yl)-7-methyI-2,3-dihydroindole (M13). C. 
globosum was unable to utilize metolachlor as an energy source. Krause et al. [13] identified 
eight metolachlor metabolites fi-om the culture medium of an actinomycetal strain isolated 
fi'om soil contaminated with metolachlor. The metabolites were identified as (M2), isomers of 
2-chloro-^-[2-(l-hydroxyethyl)-6-hydroxymethylphenyl]-^-(methoxyprop-2-yl)acetamide 
(Ml4 and Ml5), 2-chloro-^-[2-(l-hydroxyethyl)-6-methylphenyl]-M(hydroxyprop-2-
yl)acetamide (M16), 2-chloro-iV-(2-ethyl-6-hydroxymethylphenyI)-A''-(hydroxyprop-2-
yl)acetamide (Ml7), isomers of 2-chloro-A''-[2-(l-hydroxyethyl)-6-methylphenyl]-A''-
(methoxyprop-2-yI)acetaniide (Ml8 and Ml9), and 2-chloro-7V-(2-ethyl-6-
hydroxymethylphenyl)-A'^(methoxyprop-2-yl)acetamide (M20). (M2), (Ml 8), (M19), and 
5 
(M20) accounted for 47% of the applied radioactivity. (M2) and (M20) were also identified 
fi-om growth medium extracts of an actinomycete and Mucor racemosus [14]. 
Metolachlon Mobility in Soil 
The leaching of herbicides through soil is dependent on the compound's water 
solubility and soil sorption. Compounds with a higher water solubility are more weakly 
adsorbed and more readily leached [1]. Metolachlor is moderately soluble (530 mg/L at 2Q°C) 
and primarily transported in the water phase [2, 6]. Several researchers have noted 
metolachlor sorption is positively correlated to the organic carbon content of the soil (r > 0.9) 
[15, 16, 17]. Soil column and soil thin-layer chromatography studies have shown an increase 
in the soil retention time with increased soil organic matter content [18, 19], Metolachlor is 
more mobile and persistent than other chloroacetanilide herbicides [16, 17]. Based on its 
water solubility, sorption behavior, and moderate persistence in soil, the United States 
Environmental Protection Agency (USEPA) has listed metolachlor as having a potential to 
leach through soil and contaminate groundwater [15], 
Monitoring studies have detected low levels of metolachlor in subsurface tile drain 
water and groundwater [1, 20, 21]. Field studies by Hall et al. [22] have shown up to 2.11% 
of the soil-applied metolachlor was detected in soil percolates collected in pan lysimeters 
embedded 1.22 m in the soil. Frank et al. [6] reported field-applied metolachlor was detected 
in the soil between 0-30 cm. Only small quantities (3.2 to 6.1%) were found in the 15-30 cm 
depth. Metolachlor was not present in the soil below 30 cm; however, metolachlor was 
detected in tile drain waters 0.6 to 0.9 m deep and in the shallow groundwater between 1.2 
and 4.6 m [6]. Huang and Frink [23] reported concentrations of metolachlor in Hinckley 
loamy sand and Ninigret sandy loam samples collected throughout the soil profile fi'om the 
surface to the water table (2.28 m). Laboratory investigations have evaluated the mobility of 
metolachlor in packed soil columns. Alhajjar et al. [24] studied the mobility of metolachlor in 
packed soil columns (29.4 cm x 105 cm) containing either Plainfield sand or Piano silt loam. 
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Detectable concentrations of metolachlor and metolachlor metabolites were present in the 
leachates. Greater than 40% of the applied remained in the 0-lS cm soil depths in both 
the Plainfield sand or Piano silt loam colunms. Detectable levels (>S%) of metolachlor were 
present throughout the soil columns. Peter and Weber [16] reported 11.1% of the applied 
metolachlor was detected in the leachate of soil columns packed with Norfolk sand. The 
greatest concentration of metolachlor occurred at the 10-20 cm depth. Van Biljon et al. [25] 
studied the distribution of metolachlor in soil columns packed with 8 different South Afiican 
soils. The leaching depth of metolachlor was correlated with the carbon content (r = -0.72), 
clay content (r = -0.80) and cation exchange capacity (r = -0.94) of the soils. Metolachlor 
leached 2.5 cm in the adsorptive soils and 12.5 cm in the non-adsorptive soils. 
Herbicide Contamination of Surface Water 
Monitoring studies have detected herbicides in surface waters [3, 26, 27]. Atrazine, 
alachlor, cyanazine, and metolachlor are the major herbicides used in Iowa and the Midwest 
[4, 28]. The intense use of these relatively water soluble and mobile compounds threatens the 
integrity of surface and subsurface waters [3, 22]. Goolsby et al. [3] and Thurman et al. [26] 
reported fi'equent detection of metolachlor, alachlor, cyanazine, atrazine, and the atrazine 
degradation products deethylatrazine and deisopropylatrazine in rivers and streams of the 
midwestem United States. Atrazine and metolachlor were the two most firequently detected 
herbicides. Measurable amounts of atrazine were reported in 91, 98, and 76% of the 
preplanting, postplanting, and harvest surface waters sampled. Metolachlor was detected in 
34%, 83%, and 44% of the preplanting, postplanting, and harvest-season waters sampled, 
respectively. Deethylatrazine was detected in most of the water samples containing atrazine. 
Levels of atrazine, metolachlor, and deethylatrazine persisted from 1989 to 1990 in most of 
the surface waters sampled. Atrazine was the most persistent followed by, in decreasing 
order, deethylatrazine, metolachlor, alachlor, deisopropylatrazine, and cyanazine. The levels 
of herbicides detected in surface water samples collected in the spring after herbicide 
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application and throughout the summer after storm runoff sometimes exceeded the United 
States Environmental Protection Agency (USEPA) maximum contaminant level (MCL). 
Contamination of surface and subsurface waters may result from nonpoint>source or 
point-source contamination- Nonpoint-source contamination originates from the routine use 
and application of pesticides to soil and crops and the subsequent transport of these 
compounds to aquatic systems as a result of aerial transport and atmospheric deposition, 
edge-of-field runoff into surface waters, and leaching to groundwater and possible 
groundwater discharge into surface waters [28-36], Point-source contamination originates 
from careless mishandling of pesticides on farms or at commercial facilities. Small-scale 
point-source contamination may result from overspraying ditches and surface waters, 
improper disposal of equipment washings and empty containers, or accidental spills and back -
siphoning of concentrated compounds near wellheads. Large-scale point-source 
contamination primarily occurs at commercial facilities involved in the manufacturing, storage, 
transport, and mixing of highly concentrated pesticides and fertilizers [29, 31]. Agricultural 
states such as Iowa and Illinois have more than ISOO potential point-source contamination 
sites [31]. Accidental spills at these facilities may result in areas contaminated with extremely 
high concentration of pesticides. 
RunoflB^erosion of pesticides from agricultural fields is believed to be the largest 
contributor to water quality degradation in the midwestem United States [30]. 
Approximately I to 6% of the applied herbicides may be lost to the aquatic environment by 
runoff and drainage depending on the slope of the field, tillage practices, presence or absence 
of subsurface drains, and the quantity and timing of rainfall after application [20, 37, 38]. The 
major transport of herbicides into surface waters primarily occurs during spring-rainfall-runoff 
events that occur within two weeks of pesticide application [27], Individual rain events 
occurring shortly after application have produced surface-runoff concentrations of atrazine 
that are several times greater than the national drinking water standards [20, 26], Atrazine 
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applied at a rate of 1.6 - 3.36 kg/ha has been reported to produce runoff concentrations of 120 
- 3,400 ng/L (atrazine MCL = 3 ng/L) [27], 
Persistence of Metolachlor and Atrazine in Water 
Once herbicides are transported from agricultural fields into surface waters, they are 
subjected to different environmental conditions that may influence their persistence. 
Reduction of pesticide concentration in surface waters may result from dilution, volatilization, 
sorption to sediments, assimilation by aquatic plants, or degradation [39]. Lau et al. [40] 
reported that metolachlor volatilization from still oiganic-free waters was not significant at 
temperatures < 25''C; however, significant quantities of metolachlor were lost from waters 
with temperatures > 30°C. Metolachlor is fairly stable to hydrolysis in natural water solutions. 
Kochany and Maguire [41] found less than S% of metolachlor was degraded in sterile and 
nonsterile natural and organic-free water, at pH 4, 7, and 9 after 100 days. The calculated 
half-life of metolachlor in aqueous solutions, at 30, 50, and 70°C, were reported to be >200 
days at a pH < 9 and 97 days at pH 13. Metolachlor was hydrolyzed to (M4) (Figure 1) under 
basic conditions and to (M2) which was transformed to (M5) under acidic conditions [11]. 
Aqueous solutions of metolachlor are relatively stable to photolysis (< 8% degraded after 30 d 
exposure to natural sunlight) [1, II]. Kochany and Maguire [41] calculated near-surface half-
lives for metolachlor in lake water, at 40°N latitude, to be 22 days in the summer and 205 d in 
the winter. Sunlight photoproducts of metolachlor have been identified as 4-(2-methyl-6-
ethylphenyl)-5-methylmorpholine (M21), (M4), (M5), (M7), and (M3) [1, 41], McGahen 
(1982) investigated the degradation of'"'C-metolachlor in sterile and nonsterile eutrophic lake 
sediments incubated under anaerobic conditions. The estimated half-life ranged from 26 to 42 
days. Forty-one percent and 79% of the applied radiocarbon was extracted from the 
nonsterile and sterile sediments after 56 days. Microbial degradation appears to be the 
primary means of metolachlor degradation in the sediment since 34% of the applied 
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metolachlor remained unchanged in the nonsterile sediment while 92% remained unchanged in 
the sterile sediment [1], 
Degradation of atrazine in aquatic systems seems to be primarily abiotic. Laboratory 
studies have shown that atrazine, in surface water samples or aquatic solutions, is recalcitrant 
to microbial degradation [42] but is rapidly degraded by photolysis (t,^ = 38-318 h) [43,44], 
Kolpin and Kalkhoflf [39] noted a significant (p < 0.05) inverse relationship between the 
number of sunlight hours and the half-life of atrazine in the waters of Roberts Creek, 
northeastern Iowa [39], Jones et al. [45] reported rapid appearance of hydroxyatrazine, the 
abiotic degradate of atrazine, and low levels of dealkylated products, biotic degradates of 
atrazine, in estuarine water/sediment systems (Figure 2). Hydroxyatrazine represented >60% 
of the applied in both the water and sediment extracts, while dealkylated metabolites 
accounted for <.20% after 80 days. Fifty percent of the applied '"'C-atrazine was removed 
fi-om the water of the estuarine water/sediment systems within 12 days. The half-life of 
atrazine in the two estuarine sediments were 15 and 20 days. 
Problems Associated with Pesticide-Contaminated Water 
The presence of herbicide residues in surface water is a concern for the health of 
aquatic ecosystems. Contamination of surface waters with pesticides exposes 
microorganisms, plants, and animals to compounds that may have an adverse effect on 
individual organisms or biotic communities. Aquatic insects and other aquatic arthropods are 
particularly susceptible to insecticides, whereas herbicides may suppress the growth of aquatic 
vegetation [29, 46-48], 
The detection of pesticides in drinking water inevitably provokes concern involving 
human health risks associated with pesticide exposure. Typically the levels of pesticides found 
in drinking water are not at high enough concentrations to cause acute toxicity. The primary 
concern with pesticide-contaminated waters involves long-term chronic exposure to low 
concentrations [29], Many urban areas rely on surface water as their primary source of 
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Figure 2. Atrazine and atrazine degradation products. 
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drinking water [49]. Drinking water derived from surface waters often contains larger 
concentrations of pesticides than drinking water derived from groundwater [35]. Monitoring 
studies of surface waters have detected concentrations of herbicides that exceed the USEPA 
MCL for drinking water from late spring to midsummer [3, 26, 50, 51]. The concentration of 
metolachlor, alachlor, and atrazine in the Sandusky River exceeded the regulatory limits in 
5%, 10%, and 17% of the samples taken between April 1983 and October 1987. Peak 
concentrations of atrazine and metolachlor detected in several watersheds of Ohio ranged 
from 3.8 - 281 ng/L and 7.09 - 127 (xg/L, respectively [30], Goolsby et al. [3] reported levels 
of atrazine above the MCL in 52% and 71% of the water samples taken in 1989 and 1990, 
respectively. 
Conventional water treatment processes (filtration, clarification, chlorination, 
softening, and recarbonation) do little to reduce the levels of herbicides in drinking water [29, 
30, 52]. Less than 25% of the alachlor, metolachlor, atrazine, cyanazine, simazine, and linuron 
(present at jig/L - concentrations) were removed from surface waters by using these treatment 
processes [52]. Pesticide concentrations are significantly reduced only when advanced 
processes such as ozone oxidation, reverse osmosis, and granular aaivated carbon are used. 
In areas in which water treatment facilities lack advanced treatment processes, the 
concentration of pesticides in the finished drinking water is similar to the concentrations found 
in the surface water or groundwater source [30]. 
Remediation of Contaminated Water with Aquatic Plants 
There is current interest in the use of artificial wetlands and macrophyte-cultured 
ponds for treating wastewater (agricultural drainage water, sewage, and industrial effluents) 
[53-57]. Aquatic plant-based water treatment systems have proved to be efiective and 
economical in improving the quality of wastewater effluents [58-61], Floating and emergent 
aquatic plants including water hyacinth {Eichhomia crassipes Mart.), elodea (Egeria densa 
P.), duckweed (Lemna and Spirodela spp.), pennywort (Hydrocotyle umbellata L.j, common 
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arrowhead (Sagittaria latifolia h.), common reed (Phragmites australis), and pickerelweed 
(Pontederia cordata L.) reduce the levels of total suspended solids and nutrients (N and P) in 
wastewater by solid filtration, nutrient assimilation, and microbial transformation [53-62]. 
Emergent plants obtain most of their nutrients fi'om the soil while nonrooted aquatic plants 
obtain nutrients fi'om the water by foliar uptake. Rooted submerged plants are able to 
assimilate nutrients fi'om both the surrounding water and the soil [60]. The removal of 
wastewater pollutants by nutrient uptake into the plant is usually negligible in comparison to 
pollutant-removal rates associated with microbially mediated nutrient transformations [58, 
63]. Plant roots provide an ideal substrate for the attachment of microorganisms [60, 63]. 
The translocation of oxygen fi'om the plant's foliage to the roots creates oxidized 
microenvironments in anaerobic sediments and anoxic waters which stimulate the growth of 
nitrifying bacteria and activate microbial reactions important to wastewater treatment, the 
decomposition of soluble organic compounds, and the nitrification of ammonia to nitrate 
which is converted to nitrogen gas in neighboring oxygen-poor zones [58, 59, 63]. 
Aquatic plants and their associated microbiota contribute to the removal and 
biotransformation of xenobiotic compounds fi'om contaminated waters and sediments. 
Microbiota of cattail roots (Typha latifolia L.) and duckweed plants (L. minor) accelerate the 
biodegradation of surfactants [64]. Curly leaf pondweed (Potamageton crispus L.), common 
duckweed (L. minor), and their epiphytic microbes contributed to the removal and 
degradation of pentachlorophenol fi'om a stream, and various duckweed plants (Lemna and 
Spirodela spp.) have been shown to accumulate metals (aluminum, cadmium, copper, lead, 
and mercury) fi'om aqueous solutions [65-67]. 
Dissertation Objectives 
The overall objective of my research was to investigate the the impact of the 
herbicides metolachlor and atrazine (Table 1) in the environment and try to contribute 
information to the following hypotheses 1) Environmental factors (e.g., soil moisture), soil 
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Table 1. Physicochemical properties of metolachlor and atrazine* 
Metolachlor Atrazine 
Chemical name 2-chloro-^-
(2-ethyI-6-
methylphenyl)-
^-(2-methoxy-1 -
methylethyl)acetamide 
e-chloro-AT-ethyl-
-N-i 1 -methyle^yl)-
l,3,5-triazine-2,4-
diamine 
Class acetamide triazine 
Empiracal formula CjjHj^NOjCI W4CIN5 
Molecular weight 283.8 215.7 
Water solubility (mg/L at 20°C) 530 30 
Kow' 2,800 2.75 
200 100 
Tj^(days) 90 60 
Vapor pressure (mmHg @ 20®C) 1.3 X 10-5 3.0 X 10"^ 
3.7 X 10-^ 2.63 X 10"' 
Mode of action inhibits ceil division 
and elongation, inhibits 
protein synthesis 
inhibits 
photosynthesis 
'References cited: Soil Conservation Service-Agricultural Research Service C.E.S. 
Database, [I], [2], and [68], 
•"Octanoliwater partition coeflScient. 
"^Sorption coefBcient normalized for percent organic carbon. 
''Henry's Law constant. 
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properties (e.g., organic matter content), and herbicide concentration will influence the 
persistence of metolachlor in soil; 2) Metolachlor and its degradates can contaminate 
groundwater as a result of their mobility through the soil profile; 3) Aquatic sediments 
accumulate metolachlor and atrazine fi-om surface water, 4) Floating and submerged aquatic 
plants can remediate herbicide-contaminated water. The specific ojectives of my research 
were: 
1) Determine the persistence of metolachlor in saturated and unsaturated surface and 
subsurface soils. 
2) Evaluate the influence of herbicide concentration on the persistence and 
degradation of metolachlor in surface and subsurface soils. 
3) Investigate the mobility of metolachlor through the soil profile using undisturbed 
soil columns. 
4) Evaluate the persistence and degradation of metolachlor and atrazine in surface 
water, surface water/sediment, and surface water/aquatic plant incubation systems. 
Dissertation Organization 
This dissertation consists of a General Introduction and four journal articles. The first 
paper looks at the persistence of metolachlor in surface and subsurface soils under saturated 
and unsaturated conditions. Metolachlor was applied at a field-rate concentration and a small-
scale spill concentration. This paper will be submitted to Environmental Toxicology and 
Chemistry. The second paper evaluates the mobility of metolachlor in undisturbed soil 
columns. The radioactivity detected in the leachate was characterized to determine the 
quantity of metolachlor and degradation products that leached through the soil profile. This 
paper will be submitted to the Bulletin of Environmental Contamirtation and Toxicology. 
Large quantities of metolachlor and atrazine are applied to fields in the Midwest to control 
weeds in soybeans and com. The widespread use of these herbicides and their persistence and 
mobility in soil contribute to their frequent detection in surface water and groundwater. The 
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third journal paper evaluates the persistence of metolachlor and atrazine in surface water. The 
influence of sediment on the dissipation of atrazine and metolachlor from surface water was 
evaluated. This paper will be submitted to Environmental Toxicology and Chemistry. The 
fourth journal paper investigates the use of submerged and floating aquatic plants to remediate 
herbicide-contaminated water. It will be submitted to Environmental Toxicology and 
Chemistry. The General Conclusions, General References, and Acknowledgments sections 
follow the final journal papers. References cited in the general introduction are listed in the 
General References following the General Conclusions. 
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CHAPTER!. THE INFLUENCE OF SOIL MOISTURE AND HERBICIDE 
CONCENTRATION ONTHE DEGRADATION OF METOLACHLOR IN SURFACE 
AND SUBSURFACE SOILS 
A paper to be submitted to Environmental Toxicology and Chemistry 
Pamela J. iUce', Todd A. Anderson^ and Joel R. Coats' 
Abstract The aim ofourimrestigation was to evaluate the influence ofsofl depth, soil moisture, and 
herbicide concentration on the persistence and d^radadon of metolachlor in soil. Metolachlor was 
more persistent in subsur&ce soOs than surface soil regardless of soil moisture or herbidde 
concentration. Greater quantities ofbound residues and extractable degradation products were 
found in the sur&ce soOs as a result of the increased soil sorption, and miaobial activity associated 
with soil containing more organic matter. Saturated soil favored degradation and the formation of 
bound residues compared to unsaturated soil. A significantly smaller percent of the applied 
metolachlor was bound to the soil or degraded in the sofl of the 90-^g,'g treated soil compared to 
the 9-^g/g treated soil. The reduction in degradation in the subsur&ce soils and the 90-|ag/g treated 
soil suggests metolachlor residues that leach to subsur^ce soil or large concentrations of 
metolachlor have a greater potential to contaminate surface water and groundwater as a result of 
their increased perastence and mobility. 
Keywords Metolachlor Degradation Soil moisture Persistence 
' Pesticide Toxicology Laboratory, Department ofEntomology, Iowa State University, Ames, Iowa 
50011. 
^ The Institute ofWildlife and Environmental Toxicology, Department ofEnvironmental Toxicology, 
Clemson University, Pendleton, South Carolina 29670. 
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INTRODUCTION 
The presence of pestiddes in the soil, their off-site movement to surfece water and 
groundwater and the detection of pesticide residues in food has heightened public interest in the 
persistence and toxicological signijGcance of these substances [1-5], Pesticides may be deliberately 
applied to soil or inadvertently reach soil after a foliar application. It is important to understand the 
persistence and degradation ofthese substances in order to provide an adequate level of control 
without unwanted environmental contamination and adverse ^ ects on nontarget oiganisms. 
Dissipation of pesticides from the soil is governed by the chemical and physical properties of the 
herbicide (e.g., solubility and vapor pressure), soil properties (e.g., organic matter, clay content and 
pH), and climatic conditions (e.g. temperature and soil moisture) [6,7]. Conditions that fevor rapid 
abiotic or biotic d^radation of a compound may result in inadequate control of the targeted pest 
[8], while pesticides that are recalcitrant to d^radadon will remain in the environment. Persistence 
of pesticide residues in soil will increase the probability of herbicide translocation to surface water 
and ground water [9,10]. 
Metolachlor (2-chloro-A''-(2-ethyl-6-methylphenyl)-^-(methoojtyprop-2-yl)acetanude) is a 
selective chloroacetamide herbicide used to control broadleaf and annual grass weeds in com {Zea 
mays L.), soybean [Glycine max (L.) Merr.], peanut (Arachis hypogaea L.), and potato 
(Solanum tuberosum L.) [11]. Large quantities ofmetolachlor (22 million kg active ingredient) are 
applied to agricultural fields in the United States, particulariy in the Midwest where much of the 
nation's com and soybeans are grown [2,12]. Biodegradation is the primary means ofmetolachlor 
dissipation in soil [13-16]. Factors that influence microbial activity, especially soil temperature and 
moisture content, will influence the persistence of metolachlor [14,17], Pesticides may also affect 
soil microbial activity depending on the rate of application, persistence, availability, and toxicity of 
the compound. Large concentrations of pesticides resulting from uneven pesticide application, 
improper disposal of empty containers, and mishandling and spills ofhighly concentrated pesticide 
formulations may adversely affect microbial populations and inhibit microbial activity [9,10,18]. 
18 
Soil incubation experiments were conducted to 1) evaluate the influence of soil depth and soil 
moisture on the persistence and d^radation of metolachlor and 2) determine the impact of 
metolachlor concentration on soil microbial activity and the persistence of metolachlor in soil. 
MATERIALS AND METHODS 
Chemicals 
Metolachlor [2-chIoro-^-(2-ethyl-6-methylphenyl>-^-(methoxyprop-2-yl)acetaniide] 
(CGA24705,97.3 % pure); |U-ring-'*C]metolachlor (98.9% pure) and the metolachlor 
degradation products 4-(2-ethyl-6-methylphenyl)-5-methyl-3-morphoIinone (CGA 40919,99.8% 
pure) and^-(2-ethyl-6-methylphenyl)-2-hydroxy-^-(2-methyIethyI)-acetamide (CGA 40172, 
98.4% pure) were gifts from Ciba-Geigy Corporation, Greensboro, NC (Figure 1). 
Soil collection, preparation and characterization 
Soils were collected from a pesticide-free field at the Iowa State University Agricultural 
Engineering/Agronomy Research Farm, west of Ames, Boone County, Iowa. SoU cores were 
taken from 0-30,30-65,65-90, and 90-120 cm depths using a Back Saver® model N3 soil 
probe (Clements Associates Inc., Newton, Iowa). The samples collected from each depth were 
air-dried, passed through a 2.4-mm sieve, and stored at 4°C. The soils were analyzed by A&L 
Laboratories Inc. (Omaha, Nebraska) to determine soil characteristics (Table 1). Kruger et al. 
(1993) observed that the degradation of atrazine in soils taken from the same field were not 
significantly different in the 0-30,30-65, and 65-90 cm soils [19]. Therefore only the 0-30 and the 
90-120 cm depths were used in the soil incubation experiments. 
Treatment and incubation 
The persistence of metolachlor in field soils was evaluated in surface (0-30 cm) and 
subsur&ce (90-120 cm) soils at two concentrations, a field rate (9 fig/g) and small-scale spill 
concentration (90 |ig/g), under unsaturated (-0.3 bar, -33 kPa) and saturated (30% above -33 
kPa) conditions. Each treatment was replicated three times. The following procedures were 
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Figure 1. Metolachlor and its carbinol (CGA-40172) and morpholinone (CGA-40919) metabolites. 
Table 1. Physical and chenniical properties of the Ames, Iowa soil 
Depth Sand Silt Clay O.M.» C.E.C.'' 
(cm) Texture (%) (%) (%) (%) (meq/IOOg) PH^ 
0-30 Sandy clay loam 56 24 20 2.6 14.6 5.5 
90-120 Sandy clay loam 52 24 24 0.4 15.3 7.9 
"Organic matter. 
''Cation exchange capacity. 
°1;1 (soil:distilled water). 
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modified fromKnigeretal. (1993) [19]. Briefly, 10 randomly selected soil cores were composited 
for each replication for a total of three replicates. [U-ring-''^ ]metolachlor, in acetone, was applied 
to each soil at a concentration of 9 ^g/g and 90 |ig/g to represent a field application rate and small-
scale contamination. Treated soils were thoroughly mixed and divided into 50-g (dry weight) 
subsamples. The quantity of '^ -metolachlor applied to the soil and the extraction efficiency was 
determined by extracting a 50-g (dry weight) aliquot with methanol and ultra-pure water (9:1 v/v) 
for each replicate. The remaining 50-g subsamples were placed into glass French square bottles, 
and the soil moisture was adjusted to field capacity (-0.3 bar, -33 kPa) and 30% above field 
capacity. Polyurethane foam and a vial containing 10 ml 0. IN sodium hydroxide were hung in the 
headspace of each bottle to trap "*C-organic volatiles and produced fi'om mineralization of 
the '"C-metolachlor. The French square bottles were capped with a polytetrafluoroethylene-
covered neoprene stoppers, sealed with paraffin film, and incubated at 24 ± 5°C. Sofl incubation 
systems fi'om each of the 8 treatment groups (2 soil depths x 2 metolachlor concentrations x 2 soil 
moistures) were randomly assigned five incubation periods (0,18,30,60, or 120 days). The 
polyurethane and sodium hydroxide traps were changed periodically and water was added (as 
needed) to the soil to replace lost soil moisture. Polyurethane foam traps were soaked in 20 ml of 
hexane for a minimum of 4 h. A portion of the hexane and sodium hydroxide solution were added 
to individual 7-ml vials containing Ultima Gold™ scintillation cocktail (Packard Instrument Co., 
Downers Grove, IL) and radioassayed with a Rack-Beta® model 1217 lk}uid scintillation counter 
(Pharmacia LKB Biotechnology, Inc., Gaithersbuig, MD) to quantify the percentage of applied 
radioactivity associated with ''*C-oiganic volatiles and '"CO,, respectively. 
Extraction and analyses 
At the completion of each incubation period, the soils (50 g) were extracted with methanol 
and ultra-pure water (9; 1 v/v, 150 ml x 3). Methanol was removed fi'om the soil extracts Avith a 
rotary evaporator and the reduced soil extracts were brought to a total volume of 100 ml with ultra-
pure water. The activity of the soil extract was determined with liquid scintillation 
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spectrophotometiy. Metolachlor and metolachlor degradation products were removed from the soil 
extract by solid phase extraction (SPE). Supelclean Envi-18™ 6cni^ solid phase extraction 
cartridges (Supelco, Inc., Bellefonte, PA) were positioned on a 12-port Visiprep Solid Phase 
Extraction Vacuum Manifold™ (Supelco, Inc., Bellefonte, PA) and activated with 18 ml (3 column 
volumes) ofcertifiedhexanes followed by, in order, 18 ml certified ethyl acetate, 18ml certified 
methanol and 18 ml ultra-pure water. Soil extracts were drawn through the activated cartridges 
using an ^ plied vacuum (SO kPa). Once the entire sample had been drawn through the extraction 
cartridge, the packing was dried by drawing air through the cartridge for approximately 15 minutes. 
The cartridges were eluted with 10 ml certified methanol, followed by 5 ml certified ethyl acetate 
then S ml certified hexanes. The radioactivity of the efiQuent (post-SPE soil extract sample) and the 
methanol, ethyl acetate, and hexanes eluates were determined with liquid scintillation techniques. 
Less than one percent of the applied radioactivity was detected in 98 percent ofthe ethyl acetate 
and hexane SPE eluates. Metolachlor and its degradation products in the methanol eluates were 
characterized by thin-layer chromatography (TLC). A portion of the methanol eluates, representing 
70,000 dpm (0.03 ^CQ, was concentrated under nitrogen in a warm-water bath and spotted on 
20-cm by 20-cm glass plates containing a 2S0-mm layer of silica gel 60 F-254. Radiolabeled 
metolachlor and thenon-radiolabeled standards, A^-(2-ethyl-6-methylphenyl)-2-hydroxy-A''-(2-
methylethyl)-acetamide and 4-(2-ethyl-6-methylphenyl)-5-methyl-3-morpholinone, were 
cochromatographed on each plat& The plates were developed in a hexane/methylene chloride/ethyl 
acetate (6; 1:3, v/v/v) solvent ^stem [20]. The location of the non-radiolabeled standards were 
identified with an ultraviolet lamp (254 nm). X-Omat™ Kodak diagnostic film (Eastman Kodak 
Co., Rochester, NY) was placed in contaa with each plate for four weeks to produce an 
autoradiogram which located the extracted radiolabeled compounds. The relative firontal movement 
(Rf) of each sample spot was measured and the silica gel fi'om each zoned sample spot was added 
to 5 ml ofUltima Gold™ scintillation cocktail (Packard Instrument Co., Downers Grove, IL). The 
radioactivity in each zone was quantified with a liquid scintillation counter (LSC). 
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The quantity of soil bound residues was determined by combusting extracted soil in a 
Packard sample oxidizer (Packard Instrument Co.). Soil pellets were made by combining 0.5 g of 
air-dried extracted soil with 0.1 ghydrolyzed starch. Six pellets were combusted for each sample 
and the '^ COj was trapped in Carbo-Sorb® E and Permafluoi® V (Packard Listruments Co.). 
Liquid Scintillation techniques were used to quantify the radioactivity. 
Assessing the activity of the soil microbial biomass: carbon dioxide evolution 
The toxicity of metolachlor to soil microorganisms was measured by comparing the 
respiration rates of untreated soils with metolachlor-treated soils. Technical grade metolachlor 
(97.3% pure), in 250 ^1 acetone, was applied to each surface and subsurface soil at a 
concentration of 9 ^g/g, 90 ^g/g, and 900 ^g/g. The treated sofls were thoroughly mixed and 
divided into 10-g subsamples. Each subsample was placed into ajar and the soil moisture was 
adjusted to field capacity (-0.3 bar, -30 kPa). The jars were capped with polytetrafluoroethylene-
covered neoprene stoppers containing 2 glass tubes sealed with rubber septa, and incubated at 25 
± 2°C. Untreated soil, acetone-treated soil, and autoclaved untreated soil were the nonsterile and 
sterile control samples. Each treatment or control was replicated three times. Carbon dioxide 
evolution was measured daily with an infrared gas analyzer (Model 300, Mine Safety Appliances 
Co., Pittsburgh, PA) following the methods ofEdwards [21] and Walton et al. [22]. 
Calculations and statistical analyses 
Amass balance ('"COj, '''C-organic volatiles, '"C-bound to soil, and '"C-soil extracts ['"C-
metolachlor and '"C-metolachlor transformation products]) was determined for each sample. 
Analysis of variance and least square means determined significant differences between treatments. 
Rate constants were calculated based on the assumption that dissipation followed first-order 
kinetics. Linear regressions of the natural log of concentration vs. time determined first-order rate 
constants and coeflBcients of determination (r^). Thin-layer chromatography and liquid scintillation 
spectroscopy determined the dissipation of metolachlor (the decreasing quantity of "*C-metolachlor 
in the soil extract) and the accumulation of metolachlor degradation products (the increasing quantity 
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of'^ transfonnation products in the soil extract) in the methanol/uhia-pure water soil extracts. The 
formation of nonextractable residues was determined by combustion the extracted soQs fdio wed by 
LSC. Statistical^ significant differences were determined with ANOVAand General Linear 
Models. In the anafysisofthe microbial activity, when the standard errors ofthe mean of COj 
evolved did not overlap the vahies were conadered significant^ different. 
RESULTS 
Persistence and degradation of metolachlor in surface and subsurface soih 
A mass balance of the saturated and unsaturated sur&ce and subsur&ce soils is given in 
Table 2. A greater (p < 0.0007) percent of the applied ['^ Cjmetolachlor persisted in the 
subsurface soils (90-120 cm) than the surface soils (0-30 cm) (Table 2, Figure 2A). The rate of 
dissipation of metolachlor was dgnificantly &ster Q) < 0.0254) in the surface soils (Table 3). In a 
120-d incubation study, the calculated half-lives of metolachlor in the subsur&ce soils were almost 
twice as long as the half-lives in the surfitce soils. Sur&ce soils contained a greater (p=0.0001) 
percentage ofthe ^ plied as nonextractable soQ-bound residues (Table 2, Figure 2B). Twenty-
seven and 36.9% ofthe applied was bound to the unsaturated and saturated surface soils while 
8.31% and IS.2% ofthe applied was bound to the subsurface soils afler 120 days. The 
calculated rate of formation of non«ctractable residues was not statistically different in three of the 
four soils (Table 3). Greater quantities (p < 0.0487) of total degradation products were extracted 
fi^om sur£tce soils than subsurface soils, however, the quantity of total degradation products 
detected in the day-120 saturated subsur&ce soils was not significantly different fi'om that in the 
sur&ce soils (p=0.3069) (Table 2, Figure 2C). The rates of d^adate accumulation in the surface 
and subsurface soils were comparable (p < 0.7534) (Table 3). With the exception ofthe saturated 
sur&ce soils, the quantities ofM(2-ethyl-6-methylphenyl)-2-hydroxy-^-(2-methylethyl)-acetamide 
(carbinol), a dechlorinated metolachlor degradate, were comparable in the sur&ce and subsurface 
soils (Table 2). The carbinol metabolite represented 24.3% ofthe applied '''C aflera 120-d 
Table 2. Effect of soil moisture on the persistence of ['"Clmetolachlor (9 fig/g) in surface and subsurface soils 
(reported as percentage of applied ''*C) 
60-d incubation* 120-d incubation* 
soil moisture; unsaturated'* saturated" unsaturated saturated 
Depth (cm): 0-30 90-120 0-30 90-120 0-30 90-120 0-30 90-120 
Metolachlor 51.6 a 79.8 b 33.6 c,e 72.8 b,d 25.2 c,f 63.9 d 18.0 f 40.9 a,e 
Carbinol'' 0.97 a 0.51 a 14.8 b 0.87 a 0.51 a 1.06 a 24.3 c 1.79 a 
Morpholinone" 1.73 a,b 1.05 a 0.76 a 1.15a 2.88 b 0.66 a 0.66a 2.47 a 
Polar metabolites'^  9.19 a,b 4.84 a,b,d 1.87 a,d 1.45 d 21.2 c 11.4 b 2.58a 7.41 a,b,d 
Others® 8.70 a 3.71 b 6.46 a,b 5.26 a,b 6.65 a,b 4.78 a,b 5.90a,d 16.6 c 
Soil-bound residues 17.2 a 3.76 b 30.8 c 3.70 b 27.6 c 8.31 d 36.9 a,b 15.2 a 
CO, 0.64 a 0.27 a,b 0.64 a 0.08 b 1.85 c 0.62 a 1.22e 1.53 d 
Organic volatiles 0.47 a 1.80 b 0.60 a 2.16b 0.64 a 3.98 c 1.22d 5.33 d 
SPE loss'' 0.66 a 0.00 a 6.06 a 12.1 a 4.04 a 3.11 a 1.99a,b 6.38 a 
totai degradation products 20.6 a,c 10.1 b 23.9 a,c 8.73 b 31.2 d,c 17.9 a,b 33.4 d,c 28.3 c 
total 91.2 a 95.7 a,b 95.6 a,b 99.6 b 90.6 a 97.8 a,b 92.7 a 97.7 a,b 
''Incubation at 25 ± 2°C. Means in each row followed by the same letter are not statistically different (p = O.OS). 
''unsaturated = field capacity (-0.3 bar or -33 kPa). 
'^ saturated =30% above -0.3 bar. 
•"Carbinol = yV-(2-ethyl-6-methylphenyl)-2-hydroxy-^-(2-methylethyl)-acetamide. 
'Morpholinone = 4-(2-ethyl-6-methylphenyl)-5-methyl-3-morpholinone. 
'Polar metabolites = unidentified metolachlor degradates found in the solid phase extraction (SPE) effluent. 
^Others = unidentified metolachlor degradates detected in the SPE eluates. 
''Solid phase extraction (SPE) loss = % of applied ['^ C]metolachlor lost during SPE of the soil extract. 
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Figure 2. Fate of [''*C]nietolachlor in surface (0-30 cm) and subsurface (90-120 cm) soUs at two 
soil moistures (unsaturated (-0.3 bar, -33 kPa) and saturated (30% above -0.3 bar)). The 
dissipation of metolachlor (panel A), formation of nonextractable residues (panel B) and the 
formation of extractable degradation products (panel C) were determined by thin layer 
chromatography and soil combustion as described in the materials and methods. 
Abbreviations: 30 = 0-30 cm; 120 = 90-120 cm; U = unsaturated; S = saturated. 
Table 3. Rate constants for ['^ CJmetolachlor dissipation, nonextractable residue formation, and 
extractable degradate accumulation in the surface (0-30 cm) and subsurface (90-120 cm) soils 
K(rO* 
Depth Soil Metolachlor Nonextractable Degradate 
(cm) moisture dissipation** residue formation" accumulation** 
0-30 U" 0.0086(0.96)a' 0.0102(0.82)a 0.0066(0.96)a 
90-120 U 0.0024(0.88)b 0.0l20(0.86)a 0.0020(0.86)a 
0-30 S 0.0130(0.84)c 0.0127(0.75)a 0.0156(0.77)b 
90-120 S 0.0076(0.95)a 0.0252(0.99)b 0.0166(0.98)b 
'Rate constants (coefficient of determination). 
''Metolachlor dissipation was calculated based on the first-order reaction kinetics of the percentage of 
applied [''*C]metolachlor remaining in the soil extract. 
'Nonextractable residue formation was calculated based on the first-order reaction kinetics of the 
percentage of applied '''C remaining in the 9:1 methanol/water extracted soil. 
''Degradate accumulation was calculated based on the first-order reaction kinetics of the percentage of 
applied characterized as [''*C]degradation products in the soil extract. This calculation assumes 
the degradation of the transformation products was minimal. 
® U = unsaturated soil = -0.3 bar or -33 kPa, S = saturated soil = 30% above -0.3 bar. 
'Means followed by different letters are significantly different at p < O.OS (least significant difference 
test) within each column. 
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incubation in the saturated sur&ce soils. Less than three percent of applied metolachlor was 
degraded to the 4-(2-ethyl-6-metltylphenyl)-5-meth5d-3-niorphoIinone (morphoUnone) metabolite in 
both the surfece and subsurface soils. The mineralization of [''H3]metolachlorto was minimal 
in both the sur&ce and subsurfiice soils (less than 2% of the applied). Organic volatiles represented 
less than six percent of the ^ plied 
Effect of soil moisture on the persistence and degradation of metolachlor in soil 
Greater (p <0.0042) quantities of metolachlor persisted in the unsaturated soils than the 
saturated soils, however the values of the day 60 subsurface soils and the day 120 surface soils 
were not statistically different Q) < 0.21) (Table 2, Figure 2A). The rate of dissipation of 
metolachlor was significantly &ster (p < 0.05) in the saturated soUs than the corresponding 
unsaturated soils (Table 3). The half-lives of metolachlor in the saturated sur&ce and subsurface 
soils were S3 and 91 days compared to 81 and 288 days in the unsaturated soils. After a 120-day 
incubation, asignificantly larger (p<0.0041)percentage of the applied was bound to the soils 
of the saturated incubation systems (Table 2, Figure 2B). The percentage of the applied 
radioactivity associated with extractable degradation products was comparable 0) < 0.7797) (Table 
2, Figure 2C). Calculated rates of degradate accumulation were significantly greater (p <0.0196) 
in the saturated soUs than the unsaturated soils (Table 3). The formation of the carbinol metabolite 
appears to be fiivored in the saturated soils (Table 2). Greater quantities of the carbinol were found 
in the saturated soil compared to unsaturated soil, but only the quantities found in the sur&ce sofl 
were statisticaUy significant (p < 0.0005). After a 120-d incubation the carbinol metabolite 
represented 24.3% of the applied in the soil extracts of the saturated sur&ce soils. The greatest 
quantity of the morpholinone metabolite (2.88%) was measured in the unsaturated surfiice soil 
extracts after a 120-d incubation. There were greater quantities ofuncharacterized polar 
metabolites detected in the extracts of the unsaturated soils, but the values were not statistically 
different with the exception of the quantities found in the extracts ofthe surface soil after 120 days. 
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Microbial degradation of metolachlor in soil 
The persistence and degradation of metolachlor in soil was evaluated in nonsterfle and sterile 
soils. The mass balance is presented in Table 4. At the completion of the 120 day incubation 
period a small sample of soil from each autoclaved incubation chamber was mbced with sterile water 
and planted on tiypticase soy agar (bacterial plates) and nutrient agar containing rose bengal and 
streptomydn (fungal plates) to evaluated the sterility of each system. Seven days after plating, 
colonies were detected on the fiingal and bacterial plates of 1) replications 2 and 3 of the sterile 
saturated surface soils, 2) replication 1 of the sterile saturated subsurface soil, and 3) replication 3 of 
the sterile saturated subsur&ce soil (bacterial plate only). Sofl extracts from the sterile sur&ce and 
subsurface soils contained significantly greater (p=0.0001) quantities of metolachlor than the 
nonsterile soils, with the exception ofthe unsaturated subsur&ce soils (p = 0.6534) (Table 4, Figure 
3 A&D). Nonsterile soils contained a significantly larger (p < 0.0289) portion of the applied '''C as 
bound residues than the sterile soils (Table 4, Figure 3B&E). After 120 days, less than nine percent 
ofthe applied ''HT was characterized as metolachlor-degradation products in the sterile soils 
compared to 17.9 to 33.4% ofthe applied '"'C in the nonsterile soil extracts (Table 4, Figure 
3C&F). There was no statistical difference in the quantities of carijinol and morpholinone 
metabolites detected in the soil extracts of the sterile and nonsterile soil, with the exception of the 
carbinol degradate in the nonsterile-saturated sur&ce soil. Mineralization of [''^ CJmetolachlorto 
"CO, was significantly reduced (p < 0.0446) in the sterile soils. The calculated half-lives of 
metolachlor in the nonsterile and sterile soils are presented in Table 5. 
Effect of herbicide concentration on the persistence and degradation of metolachlor in 
soil 
The mass balance of the 9 fig/g and 90 ng/g metolachlor-treated soils is presented in Table 
6. Larger percentages of metolachlor persisted in the soil extracts of the 90 ^g/g-treated soils than 
the 9 ng/g, but they were not statistically significant (p < 0.72); one exception was the unsaturated 
surface soil (Table 6, Figure 4A&D). In both the 9 ng/g- and 90 |ig/g-treated soils, metolachlor 
Table 4. Persistence of metolachlor (9 ^g/g) in sterile and nonsterile soil after 120 days (reported as % of applied 
sterile soil*'*' nonsterile soil** 
soil moisture: unsaturated*' saturated" unsaturated saturated 
Depth (cm): 0-30 90-120 0-30 90-120 0-30 90-120 0-30 90-120 
Metolachlor 64.4 a 67.0 a 53.5 b 71.9 a 25.2 c 63.90 a 18.0 c 40.9 d 
Carbinol'' 0.21 a 0.54 a 0.42 a 1.26 a 0.51a 1.06 a 24.3 b lJ9tL 
Morpholinone' 1.37 a 1.80 a 1.28 a 1.28 a 2.88 a 0.66 a 0.66a lAlti 
Polar metabolites^^ 0.73 a 0.37 a 1.00 a 0.62 a 21.2 b 11.4 c 2.58a 7.41 c,d 
Others® 2.76 a 4.93 a,b 5.16 a,b 4.66 a,b 6.65 b 4.78 a,b 5.90a,d 16.6 c 
Soil-bound residues 16.7 a — 26.8 b 2.72 c 27.6 b 8.31c 36.9 a,b 15.2 a 
CO, 0.06 a 0.10 a 0.03 a 0.05 a 1.85 b 0.62 c 1.22d 1.53 b.d 
Organic volatiles 0.00 a 0.00 a 0.00 a 0.00 a 0.64 a,c 3.98 b 1.22d 5.33 d 
SPE loss*' 10.3 a,c 16.2 a 2.29 b 4.80 b,c 4.04 b,c 3.11 b 1.99c 6,38 b,c 
total degradation products 5.07a 7.64 a 7.86 a 7.82 a 31.2 b 17.9 c 33.4 h 28.3 h 
total 96.5 90.9 90.6 87.3 90.6 97.8 92.7 97.6 
"Autoclaved at 121°C for one hour on two consecutive days. 
''Incubation at 25 ± 2°C. Means in each row followed by the same letter are not statistically different (p = 0.05). 
'unsaturated = field capacity (-0.3 bar or -33 kPa); saturated = 30% above -0.3 bar. 
''Carbinol = M(2-ethyl-6-methylphenyl)-2-hydroxy-iV-(2-methylethyl)-acetamide. 
"Morpholinone = 4-(2-ethyl-6-methylphenyl)-5-methyl-3 -morpholinone. 
'Polar metabolites = unidentified metolachlor degradation products found in the solid phase extraction (SPE) effluent. 
^Others = unidentified metolachlor degradation products detected in the solid phase extraction (SPE) eluates. 
''Solid phase extraction (SPE) loss = % of applied [''*C]metolachlor lost during SPE of the soil extract. 
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Figure 3. Fate of [''*C]inetolachlor in sterile and nonsterile surface (0-30 cm) and subsurface (90-120 cm) soils at two soil moistures 
[unsaturated (-0.3 bar, -33 kPa) and saturated (30% above -0.3 bar)]. The dissipation of metolachlor (panels A&D), formation of 
nonextractable residues (panels B&E) and the formation of extractable d^adation products (panels C&F) were determined by thin-layer 
chromatography and soil combustion as described in the Materials and Methods. Abbreviations; 30 = 0-30 cm; 120 = 90-120 cm; NS = 
nonsterile; ST = sterile (autoclaved for 1 hour at 121 °C for two consecutive days); U = unsaturated; S = saturated. 
Table 5. First-order half-lives of metolachlor in surface (0-30 cm) and subsurface (90-120 cm) soils 
Soil Soil' Sterile'' or Metolachlor Half-life'(r^) 
depth (cm) moisture nonsterile concentration (iig/g) days 
0-30 U NS 9 81 (0.95) 
90-120 u NS 9 289 (0.88) 
0-30 s NS 9 50 (0.88) 
90-120 s NS 9 94 (0.88) 
0-30 u ST 9 210(0.83) 
90-120 u ST 9 217(0.87) 
0-30 s ST 9 141 (0.86) 
90-120 s ST 9 289 (0.76) 
0-30 u NS 90 182(0.70) 
90-120 u NS 90 289 (0.55) 
0-30 s NS 90 83 (0.93) 
90-120 s NS 90 173 (0.86) 
• U = unsaturated soil = -0.3 bar or -33 kPa; S = saturated soil = 30% above -0.3 bar. 
•"Autoclaved at 121''C for one hour on two consecutive days. 
'Half-lives were calculated based on the first-order reaction kinetics. 
Table 6. Effect of metolachlor concentration (9^g/g and 90|ig/g) on the persistence of ["'Clmetolachlor in surface 
and subsurface soils after a 120-d incubation (reported as percentage of applied ['"CJmetolachlor) 
9ng/g' 90 ng/g* 
soil moisture: unsaturated** saturated'^  unsaturated saturated 
Depth (cm): 0-30 90-120 0-30 90-120 0-30 90-120 0-30 90-120 
Metolachlor 25.2 a 63.9 b 18.0 a 40.9 c,d 48.6 c,d 66.5 b 26.1 a 54.8 b,d 
Carinol"' 0.51 a 1.06 a 24.3 b 1.79 a,c 0.64 a 0.34 a 7.67 c 0.55 a 
Morpholinone® 2.88 a 0.66 b 0.66 b 2.47 b,c 2.18 a,c 0.46 b 0.68 b 1.32 a,b 
Polar metabolites'^  21.2 a n.4 b 2.58 c 7.41 b.c 4.68 b.c 1.58 c 2.12c 2.36 c 
Others® 6.65 a 4.78 a,c 5.90 a,d 16.6 b 4.42 a,c 2.99 c,d 7.66 a 6.46 a,c 
Soil-bound residues 27.6 a 8.31b 36.9 c 15.2 d 13.0 d 2.41 e 26.2 a 3.77 e 
CO, 1.85 a 0.62 b.e 1.22 c,d 1.53 a,d 0.74 c,e 0.23 b 1.28 d 0.29 b.e 
Organic volatiles 0.64 a 3.98 a.b 1.22 a,c 5.33 b,c 1.67 a,c 3.28 a,c 2.23 a,c 8.55 b 
SPE loss** 4.04 a 3.11a 1.99 a 6.38 a 6.37 a 3.75 a 2.88 a 16.0 a 
total degradation products 31.2 a 17.9 b 33.4 a 28.3 a IL9 b,c 5.37 c I8.I b 10.7 c 
total 90.6 a,b 97.8 a 92.7 a,b 97.6 a 82.3 h,c 81.5 c 76.8 c 94.1 c 
Incubation at 25 ± 2°C. Means in each row followed by the same letter are not statistically different (p = 0.05). 
''Unsaturated = field capacity (-0.3 bar or -33 kPa). 
'Saturated = 30% above -0.3 bar. 
•"Carbinol = iV-(2-ethyl-6-methylphenyl)-2-hydroxy-M(2-methylethyl)-acetamide. 
'Morpholinone = 4-(2-ethyl-6-methyIphenyl)-5-methyl-3-morpholinone. 
'Polar metabolites = unidentified metolachlor degradates found in the solid phase extraction (SPE) effluent. 
^Others = unidentified metolachlor degradates detected in the SPE eluates. 
''Solid phase extraction (SPE) loss = % of applied ['^ C]metolachlor lost during SPE of the soil extract. 
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Figure 4. Fate of [''*C]metoIachIor in surface (0-30 cm) and subsurface (90-120 cm) soils at two soil moistures [unsaturated (-0.3 bar, -33 
kPa) and saturated (30% above -0.3 bar)] and two herbicide concentrations (9 ^g/g and 90 ^g/g). The dissipation of metolachlor (panels 
A&D), formation of nonextractable residues (panels B&E) and the formation of extractable degradation products (panels C&F) were 
determined by thin-layer chromatography and soil combustion as described in the Materials and Methods. Abbreviations; 30 = 0-30 cm; 
120 = 90-120 cm; U = unsaturated; S = saturated. 
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was more persistent in the subsurface soil than the surface soils (p < 0.0232). A significantly larger 
(p < 0.0026) percentage of the applied ^*C was bound to the soils of the 9 ^g/g-treated soils than the 
90 ng/g treated soils (Table 6, Figure 4B&E). For both the 9 ng^g- and 90 ng/g-treated soils, 
surface soils contained a greater percent (p=0.0001) of nonextractable '^ -residues than the 
subsurface soils. A significantly (p < 0.0188) greater percentage of the applied ''*C was identified as 
extractablemetolachlor degradation products in the soil extracts ofthe 9 |ig/g-treated soil than the 90 
|ig/g-treated soil (Table 6, Hgure 4C&F). Soil extracts of the saturated-sur^e soil contained a 
significantly (p=0.05) greater percentage of the carbinol metabolite than the saturated-subsurface 
soil and theunsaturated-surface and unsaturated-subsurface soils. The carbinol metabolite 
represented 24.3% and 7.67% of the applied '"C in the 9 ng/g- and 90 |ig/g-treated saturated-
surface soils, respectively. The percentage of applied metolachlor that was degraded to the 
ir.orpholinone was not statistically diflferent (p < 0.6967) in the soils treated at the two rates. A 
significantly (p < 0.0102) greater percent ofthe applied was characterized as unidentified polar 
metabolites in the 9 \ig/g unsaturated soil (21.2% and 11.4%) compared to the 90 \igfg unsaturated 
soil (4.68% and 1.58%). Less than two percent ofthe applied metolachlor was mineralized to CO, 
in the 9 iigfg- and 90 ^g/g-treated sofls. The quantity of organic volatiles measured in the headspace 
of the incubation systems was not statistically different. The half-lives of metolachlor in the 9 ^g/g-
and 90 ^ig/g-treated soils are given in Table 5. 
Herbicide concentration and microbial toxicity 
The toxicity of metolachlor to soil microorganisms was measured by comparing the 
respiration rates ofmetolachlor-treated soils with control soils (acetone-treated soil and untreated 
soil). Carbon dioxide evolution was not significantly depressed in the sur&ce or subsurface soils 
treated with 9 |ig/g, 90 ng/g, or 900 |ag/g of metolachlor (Figures 5 and 6). The 900 |xg/g soils 
showed a temporary elevated CO^ efflux on day 6 and 7. 
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DISCUSSION 
The aim ofour investigation was to evaluate the influence of soO depth, soil moisture, and 
herbicide concentration on the persistence and degradation of metolachlor in soil. Significantly 
larger quantities of metolachlor were detected m the soil extracts of the subsur&ce soils compared 
to surface soils regardless of soil moisture or herbicide concentration. Dissipation of extractable 
herbicides fi-om soils may be the result of volatilization, plant uptake, leaching, runoff adsorption, or 
abioticorbioticdegradation[23]. This study addressed the dissipation of metolachlor through 
degradation, adsorption, and volatilization. Significantly larger quantities of metolachlor volatilized 
fi'om the subsur£ice soils than the surface soils, but the quantity of appUed lost as a result of 
volatilization was minimal (< 6%). The persistence ofmetolachlorin the subsur&ce soil and the 
faster rate of metolachlor dissipation in the surface soil were assumed to be the result of increase 
sorption and microbial degradation in the surface soil. Examination of the data presented in Tables 
2,4, and 6 shows a significantly greater portion of the applied '**0 was bound to the sur&ce soils 
than the subsurface soils of the saturated and unsaturated, nonsterile and autoclaved, and 9|ig/g and 
90 ^g/g metolachlor-treated incubation systems. Surface soils often contain more organic matter 
than subsurface soils [24,25]. The organic carbon content of soil had previously been found to be 
the most important soil property influencing the adsorption of metolachlor [25-27]. Kozak et al. 
[28] and McKinnon and Wd^er [29] reported humic substances of soil organic matter exhibit a high 
aflSnity for metolachlor. Weber and Peter (1982) proposed metolachlor is sorbed to organic matter 
as a result of hydrogen bonds between carboxyl or hydroxy! groups of organic substances and the 
carbonyl ojQ^gen of metolachlor [30], Recent reports in the literature concluded the sorption of 
metolachlor to the soil is correlated with the organic carbon content (r > 0.9), cation exchange 
capacity (r=0.85), and the clay content (r > 0.70) of the soil [23,25,26,31]. Analysis of our 
soils revealed the cation exchange capacity and the clay content of the surface and subsurface soils 
were indistinguishable, but the surface soils contained more organic matter (2.6% vs. 0.4%). 
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In addition to soil adsorption, soils rich in organic matter &vor the growth ofheterotrophic 
microorganisms [24,32]. Biodegradation has been shown to be the primary mechanism of 
metolachlor dissipation in soil [13-16]. Results from our study and the findings ofBouchardetal. 
(1982) andBeestman and Deming (1974) have shown the d^adationofacetanilide herbiddes, 
including metolachlor, were greatly reduced in autoclaved soils [16,33]. Recent reports in the 
literature have shown microbial biomass declines by several orders of magnitude with soil depth [34, 
35]. The significance ofbiodegradation to the dissipation ofmetoladilor in soil and the reduced 
microbial abundance and microbial activity in subsur&ce soil eq)lain the larger quantity of 
metolachlor degradation products in the extracts of the surface soils and the persistence of 
metolachlor in the subsur&ce soils. 
The importance ofbiodegradation to the dissipation of metolachlor in soil has been reported 
previously [13-16]. Factors that influence microbial activity (e.g., soil moisture) will influence the 
persistence of metolachlor in the soil [14-17,32]. Researchers have reported a change in microbial 
activity with soil water content [81,88]. Typically microbial activity in soil is optimal at -0.3 bar (-
33 kPa), and decreases as the soil becomes more dry or water logged [34,36]. Examination of 
our data shows metolachlor dissipation was greater in the saturated sofls than the unsaturated soils. 
First-order half-lives of metolachlor were significantly shorter in the saturated soils than the 
unsaturated soOs. These results are in close agreement with the findings ofWalker and Zimdahl 
[3 8]. The percentage of metolachlor-degradation products detected in the soil extracts ofthe 
unsaturated and saturated soOs were not significantly different. Combustion of the extracted soils 
revealed saturated soils contained a significantly greater percent of applied as soil-bound 
residues than the amount bound to the unsaturated soils. Zheng et al. (1993) showed that the 
Freundlich adsorption coeflScient of metolachlor in soil increased with a decreasing sofl-to-water 
ratio [37], Nonextractable bound residues were quantified with soil combustion followed by liquid 
scintillation counting of the trapped "*C02. Since we were unable to identify the bound residues we 
could not distinguish between bound metolachlor or metolachlor degradation products. It is 
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possible that the greater quantities ofbound residues in the saturated soils are the result of increased 
degradation of metolachlor in the saturated soil and the greater adsorption of metolachlor 
degradation products to the sofl. 
Uneven application of pesticides or the mishandling of pesticides resulting in spills can cause 
small scale contamination of concentrated pesticides. Our study evaluated the persistence and 
degradation of metolachlor at a field rate (9 |ig/g) and a small-spill concentration (90 |ig/g) to 
determine the influence ofherbicide concentration on the fate of metolachlor in surface and 
subsur&ce soils. A larger percentage of the applied metolachlor was detected remaining in the soil 
extract of the 90 ^g/g soils than the 9 ^g/g soOs, but the values were not statistically different. The 
9 ^g/g-treated soils contained a significantly greater percentage of the applied '**0 as extractable 
degradation products and nonextractable soil-bound residues compared to the 90 |ig/g-treated 
soils. Obrigawitchetal. (1981) observed metolachlor adsorption to soil, and the distribution 
coefiicient (K^ of metolachlor decreased as the concentration of metolachlor applied to the soil 
increased [26]. The potential of a herbicide to contaminate groundwater is greatly influenced by 
the persistence and sorption of the herbicide. The reduction in soil sorption and percentage 
degradation associated with higher herbicide concentrations suggests large concentrations of 
herbicides are a greater threat to groundwater contamination than field-rate concentrations. 
ACKNOWLEDGMENTS 
Funding for this research was provided by Ciba Crop Protection (Greensboro, NC) and 
the USD A-CREES Management Systems Evaluation Area Program (MSE A). The authors thank 
Ciba Crop Protection for providing analytical standards and radiotracers. We thank Ellen Kruger, 
Patricia Rice, Jennifer Anhalt, Karin Tollefson, Caria McCullough, Piset Khuon, John Ramsey, Kara 
Wedem^er, and Brett Nelson for their help in collecting samples and technical support. This 
journal publication is Journal Paper J-XXXXX of the Iowa Agriculture and Home Economics 
Experiment Station, Ames, lA, Project 3187. 
41 
REFERENCES 
1. Alexander, M. 1981. Biod^adation of chemicals of environmental concern. 5c/&nce 
211:132-138. 
2. Goolsby, D.A., E.M. Thunnan and D.W. Kolpin. 1990. Geographic and temporal 
distribution ofherbicides in sur&ce waters of the upper Midwestern United States, 1989-90. 
91-4034. U.S. Geological Survey Water-Resources Investigation Report, Denver, CO, pp. 
183-188. 
3. Thunnan, E.M., D^. Gookby, 1VI.T. Meyer, M.S. Mills, M.L. Pones and D.W. 
Kolpin. 1992. A reconnaissance study ofherbicides and their metabolites is sur&ce water of 
the l^dwestem United States using immunoassay and gas chromatography/mass 
spectrometry. Environ. Sci. Technol. 26:2440-2447. 
4. Hall berg, G.R. 1989. Pesticide pollution ofgroundwater in the humid united states. Affic. 
Ecosyst. Environ. 26:299-367. 
5. Gaynor, J.D., A.S. Hamill, and D.C. MacTavish. 1993. E£Scacy, fiuit residues, and soil 
disapation ofthe herbicide metolachlor in processing tomato. J. Amer. Soc. Hort. Sci. 
118:68-72. 
6. Nash,R.G. 1988. Dissipation from soil. In R Glover, ed.,£'m'/rownewfa/CAeOT/j/>>'q/" 
Herbicides. Vol. I. CRC Press, Boca Raton, FL. pp. 131-170. 
7. Baker, J.L. and S.K. MIckelson. 1994. Application technology and best management 
practices for minimizing herbicide runoff*. Weed Technol. 8:862-869. 
8. Walker, A. and P.A. Brown. 198S. The relative persistence in soil of five acetanilide 
herbicides. Bull. Environ. Contam. Toxicol. 34:143-149. 
9. Dzantor, E.K. and A.S. Felsot 1991. Microbial response to large concentrations of 
herbicides in soil. £>iviro/). Toxicol. Chem. 10:649-655. 
10. Felsot, A.S. and E.K. Dzantor. 1995. Efifect of alachlor concentration and an organic 
amendment on soil dehydrogenase activity and pesticide degradation rate. Environ. Toxicol. 
Chem. 14:23-28. 
11. Humburg, N.E., S.R Colby, E R Hill, L.M. Kitchen, RG. Lym, W. J. McAvoy and R 
Prasad. 1989. Herbicide Hcmdbook of the Weed Science Society of America. Weed 
Science Society of America, Champaign, IL. 
42 
12. Chesten, G.V. Simsiman, J. Levy, B. J. Alhajjar, ILN. Fathulla and J.M. Harldn. 
1989. Environmental fate ofaladilor and metolachlor. Reviews ofEimronmental 
Contamination and Toxicology 110:2-74. 
13. Bravennan, M.P., T.L. Lavy and C J. Barnes. 1986. The degradation and bioactivity of 
metolachlor in the soil. WkedSci. 34:479-484. 
14. Frank, R., B.S. Oegg and N.K Fatni. 1991. Dissipation of cyanazine and metolachlor on 
a clay loam soil, Ontario, Canada, \9^1-\99Q.ArchEnviron. Contam. Toxicol. 21:253-
262. 
15. Sahid,LB.andC.C. WeL 1993. D^radationoftwoacetanilide herbicides in a tropical soil. 
Bull Environ. Contam. Toxicol. 50:24-28. 
16. Beestman, G.B. and J.M. Deming. 1974. Dissipation of acetanilide herbicides from soUs. 
Argon J. 66:308-311. 
17. Zimdahl RL. and S.K. Clark. 1982. Degradation of three acetanilide herbicides in soil. 
WeedSci. 30:545-548. 
18. Moorman, T.B. 1989. A review of pesticide effects on microorganisms and microbial 
processes related to soil fertility. J. Prod Agric. 2:14-23. 
19. Kruger, E.L., L. Somasundaram, R.S. Kanwar and J.R. Coats. 1993. Persistence and 
degradation of ['''Cjatrazine and ['^ jdeisopropylatrazine as affected by soil depth and 
moisture conditions, Toxicol. Chem. 12:1959-1967. 
20. Liu, S.-Y., A. J. Fr^er and J.-M. BoUag. 1991. Microbial dechlorination of the herbicide 
metolachlor. J. Agric. Food Chem. 39:631-636. 
21. Edwards, N. T. 1982. A timesaving technique for measuring respiration rates in incubated 
soil samples. Soil Sci. Soc. Am. 46:1114-1116. 
22. Walton, B.T., T.A. Anderson, MS. Hendricks and S.S. Talmage. 1989. Physicochemical 
properties as predictors of organic chemical effects on soil microbial respiration. Environ. 
Toxicol Chem. 8:53-63. 
23. Peter, C.J. and J.B. Weber. 1985. Adsorption, mobility, and efiBcacy ofalachlor and 
metolachlor as influenced by soil properties. WeedSci. 33:874-881. 
24. Atlas, R.M. and R- Bartha. 1987. Microbial Ecology; Fundamentals and Applications. 
The Benjamin/Cummings Publishing Company, Inc., Menio Park, CA, USA 
43 
25. Wood, L.S  ^H.D. Scott, D.B. Marx and T.L. Lavy. 1987. VariabQity in sorption 
coefficients ofmetolachior on a captinasih loam. J. Environ. QuaL 16:251-256. 
26. Obrigawitch, T., F.M. Hons, J.K Abemathy and J.R. Gipson. 1981. Adsorption, 
desorption, and mobility ofmetolachior in soils. Jf^edSci. 29:332-336. 
27. Pusino, A., W. Liu and C. Gcssa. 1992. Influence of organic matter and its clay complexes 
on metolachlor adsorption on soil. Pestic. Sci. 36:283-286. 
28. Kozak, J., J.B. Weber and T.J. Sheets. 1983. Adsorption of prometryn and metolachlor 
by selected soil organic matter factions. SoilSci. 136:94-101. 
29. McKinnon, J.and J.B.Weber. 1987. Soil mobility ofimazaquin and metolachlor. 
Proceedings of the Southern Weed Science Society 40:402-404. 
30. Weber, J.B. and C.J. Peter. 1982. Adsorption, bioactivity, and evaluation ofsoil tests for 
alachlor, acetochlor, and metolachlor. Weed Sci. 30:14-20. 
31. Burgard, D J., W.C. Koskinen, R.H. Dowdy and H.H Cheng. 1993. Metolachlor 
distnbution in a sandy soil under irrigated potato production. Weed Sci. 41:648-655. 
32. Bouchard, D.C., T.L. Lavy and D.B. Marx. 1982. Fate of metribuzin, metolachlor, and 
fluometuron in soil. ff^edSci. 30:629-632. 
33. Walker, A. 1987. Herbicide persistence in soil. Jiev. WeedSci. 3:1-17. 
34. Konopka, A. and R. Turco. 1991. Biodegradationoforganic compound in vadose zone 
and aquifer sediments. Applied Environ. Microbiol. 57:2260-2268. 
35. Ghiorse, W.C. and J.T. Wilson. 1988. Microbial ecology ofthe terrestrial subsurface. In 
A.I. Laskin, ed., Advances in AppliedMicrobiol., Vol. 33. Academic Press, Inc., San 
Deigo, CA, USA, pp. 107-172. 
36. Paul, E.A. and EE. Qark. \9S9. Soil Microbiol, and Biochem. Academic Press, San 
Diego, CA, USA. 
37. Zheng, S.Q., J.E Cooper, P.V. Fontanel, C.M. Coste and M. Deat 1993. Distribution 
and dissipation ofmetolachior in soil columns. J. Environ. Sci. HeaIthB2Z:64\-653. 
38. Walker, A. and R.L. Zimdahl. 1981. Simulation ofthe persistence ofatrazine,linuron and 
metolachlor in soil at different sites in the USA. Weed Research 21:255-265. 
44 
CHAPTERS. MOBILITY AND PERSISTENCE OF METOLACHLOR IN 
UNDISTURBED SOIL COLUMNS 
A paper to be submitted to the Bulletin of Environmental Contamimtion and Toxicology 
Pamela J. Rice', Todd A. Anderson^and JoelR. Coats' 
Abstract The presence ofagricultural chemicals in drinking water resources (groundwater and 
sur&ce water) have increased interest in the environmental fate ofthese compounds in soO. The 
persistence of a compound and its adsorption to soil are the two most important factors related to 
the off-site movement of pesticides from the soil to groundwater or surface water. 
Metolachlor (2-chlor-^-(2-ethyl-6-methylphenyl)-JV-(methoxy-l-methyletltyl)sicetamide) is a 
widely used chloroacetamide heriiicide that is deliberately applied to soQ in order to control weeds 
in com, soybean, potatoes, and peanuts. Based on its moderate persistence in soil, water solubility, 
and sorption behavior the United States Environmental Protection Agen^ (USEPA) has listed 
metolachlor as having a potential to leach through soil and contaminate groundwater. Our research 
was conducted to determine the fate of metolachlor through the soil profile. Undisturbed soil 
columns were treated with ['''CJmetolachlor to determine the degradation and mobility of 
metolachlor and metolachlor degradation products in the soil. Three weeks afler metolachlor 
application, the columns were leached for twelve consecutive weeks. Leachates were collected and 
analyzed for metolachlor and metolachlor degradation products. At the completion of the leaching, 
the soil columns were divided into 10-cm sections. Each section was extracted and analyzed to 
determine the distribution of extractable metolachlor, extractable metolachlor degradation products. 
' Pesticide Toxicology Laboratory, Department of Entomology, Iowa State University, Ames, Iowa 
50011. 
^ The Institute ofWildlife and Environmental Toxicology, Department ofEnvironmental Toxicology, 
Clemson University, Pendleton, South Carolina 29670. 
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and soil-bound residues through the soil profile. Results ofthis stucfy suggest metolachlor is mobile 
and may leach to groundwater, but the quantities are minimal. Metolachlor was degraded in the soil 
to a number of d^radation products. Small quantities of metolachlor and a number of degradation 
products were detected throughout the sofl profile and in each ofthe twelve leachates. 
Keywords Metolachlor Undisturbed soil column Mobility Degradation 
INTRODUCTION 
Monitoring studies have detected agricultural chemicals in sur&ce water and groundwater 
ofthe United States [1-3]. An estimated 97% ofthe rural population and 40% ofthe nation's 
population rely on groundwater for their drinking water source [4,5]. Surface waters supply most 
of the countries urban population [6]. The presence of agricultural chemicals in drinking water 
resources (sur&ce and groundwater) has provoked public concern involving potential adverse 
effects attributed to pesticide exposure [3,7]. Atrazine, metolachlor, and alachlor are three of the 
most widely used herbicides in the United States. They have been detected in both surface water 
and groundwater [1-3]. Concentrations ofherbicides detected in groundwater and surface water 
typically are not large enough to result in acute toxicity, however there is a concern with chronic 
exposure to low concentrations [7]. The toxicological significance of these herbicides and their 
degradation products is not fully understood. Atrazine and deethylatrazine, a degradation product 
of atrazine, have been shown to afiect pituitary gland activity in rats [8,9]. Research indicates 
metolachloriscarcinogenictorats[10,11]. Alachlor has been shown to produce tumors in mice 
and rats [12 as cited in 11] and alachlor metabolites form DNAadducts that are believed to be the 
agents responsible for the carcinogenicity ofalachlor [13 ]. Since 1984, alachlor has been listed as 
a "probable human carcinogen" by the United States Environmental Protection Agency [10]. 
The presence of pesticides in drinking water resources has increased interest in the 
environmental fete of these compounds in soil [14], Environmental fectors (e.g., precipitation and 
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temperature) as well as soO properties (e.g., pH, organic tnatter and clay content) and chemical 
characteristics (e.g., water solubility and ionization state) influence the mobility of pesticides through 
the soil profile [15,16]. Soil adsorption and persistence ofthe compound are the two most 
important ^ors related to the off-site movement of pestiddes fiom the soil to surface water or 
groundwater [16]. Compounds that are recalcitrant to d^adation and moderately or weakly 
adsorbed to soil will pose the greatest threat to the contamination of water resources. 
Metolachlor (2-chlor-^-(2-ethyl-6-methjdpheityl)-^-(methojQr-l-methylethyi)acetamide) 
is a selective preemergent chloroacetamide herbicide that is deliberately applied to soil in order to 
control weeds as thqr emerge. Currently, metolachlor is one ofthe most widely used herbicides in 
the Midwestern United States [1]. Several researchers have noted metolachlor sorption is 
positively correlated to the organic carbon content ofthe soil (r> 0.9) [17-19]. Soil column and 
soil thin-layer chromatography studies have shown an inaease in the soil retention time with 
increased soil organic matter content [20,21]. The leaching ofherbiddes through soil is dependent 
on the their water solubility and soil sorption. Compounds with a higher water solubility are more 
weakly adsorbed and more readily leached [11]. Metolachlor is a moderately soluble (530 mg/L at 
20°C) nonionizable herbidde that is primarily transported in the water phase and more mobfle and 
persistent than other chloroacetamide herbiddes [18,22-24]. Based on its water solubility, 
sorption behavior, and moderate persistence in soil, the United States Environmental Protection 
Agency (USEPA) has listed metolachlor as having a potential to leach through soil and contaminate 
groundwater [17]. 
Monitoring studies have detected low levels of metolachlor in subsurface tile drain water 
and groundwater [11,25,26], Field studies have detected levels of metolachlor in subsurface soils 
(2.28 m deep) [22,27]. As herbicides move through the soil profile they will be in contact with 
soils of varying physical and chemical characteristics and changing enviroiunental conditions (soil 
moisture) that may influence their persistence and degradation. Soil microbial activity and soil 
adsorption of heiticides tend to be greater in more organic soils [21,28]. Subsurfece soils often 
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contain less organic matter than surfiice soils. Metolachlor readues found in the lower depths ofthe 
soil profile will be more persistent and mobile than residues in sur&ce sofls [29,30]. Research 
cnntaminants that persist in the soil profile may contribute to the contamination of 
groundwater for mai^ years [27,31,32]. The following research was conducted to evaluated the 
fate of radiolabeled metolachlor in undisturbed soil columns. Previous research has evaluated the 
mobility ofmetolachlor in packed soil columns [10,18,33]. Czapar et al. (1992) observed 
herbicide movement through sofl can be significantly underestimated in packed soil columns as a 
result ofthe removal of cracks, root channels and worm holes which eliminates preferential flow of 
herbicide through macropores [34]. Our experiment was conducted with p''C]metolachIor-treated 
undisturbed soil columns to determine degradation and mobility of metolachlor through the soil 
profile in conditions that more closely represent field soils, with intact macropores and minimal 
compaction of the soil. The depth to which metolachlor leached in the soil and the quantity of 
metolachlor and metolachlor degradation products in the soil column and the leachate were 
determined. 
MATERIALS AND METHODS 
Chemicals 
Metolachlor [2-chloro-^-(2-ethyl-6-methylphenyI)-^-(methoxyprop-2-yl)acetamide] 
(CGA24705,97.3 % pure); [U-ring-''*C]metolachlor(98.9% pure) and the metolachlor 
degradates ^ -{2-ethyI-6-metltylphenyl)-2-hydrojqr-^^2-methylethyI)-acetamide (CGA40172, 
98.4% pure) and 4-(2-ethyl-6-methylphenyl)-5-methyI-3-morpholinone (CGA 40919,99.8% 
pure) were ^ fls fi-om Ciba-Geigy Corporation, Greensboro, NC. 
Mobility of metolachlor through the soil profile: undisturbed soil columns 
Soil column collection. Undisturbed soil columns were extracted fi'om a pesticide-fi'ee 
field at the Iowa State University Agricultural Engineering/'Agronomy Research Farm, near Ames, 
Boone County, Iowa by methods similar to Singh and Kanwar (1991) [35]. Briefly, a"U" shape 
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trench, approxiniately 75 cm deep, was dug by hand with shovels. A waxed furnace pipe (IS-cm 
diameter and 60-cm in length) was placed on the soil just inside the "U" shaped trench. Sharp 
knives and small hand shovels were used to carefully carve away soil leaving a 15-cm (diameter) by 
10-cm (length) soil base below the furnace pipe. Aheavy board was placed over the top of the 
furnace pipe and even pressure was applied to the board in order to slide the fiimace pipe over the 
soil with minimal distuibance. The same steps were repeated imtil the furnace pipe had completely 
surrounded an intact column of soil that was 60-cm in length. A Styrofoam® block was taped to 
the top of each furnace pipe to protect the surface of the soil columns. The soil columns were cut 
just below 60 cm, trimmed at the base of the furnace pipe, and the base of each column was 
secured with a Styrofoam® block. The soil columns were removed from the trench, each placed 
into a plastic bag, and transported upright to the laboratory were th^r were stored at 4°C. 
Laboratory preparation. Two soil columns (Figure 1) were prepared for the metolachlor 
leaching experiment following methods of Singh and Kanwar( 1991) [35], The furnace pipe was 
carefully removed from the intact soil column and the edges of each column were sprayed with 
Plasti-Dip® spray (P. D. I., Inc. Circle Pines, MN). A21-cm (diameter) by 75-cm (length) PVC 
pipe was placed over each soil column and molten paraffin wax was used to fill the space between 
the soil columns and the PVC pipes. A metal collar (15-cm diameter by 14-cm in length) was 
placed around the top of each soil column to prevent the molten wax from covering the sur&ce of 
the soil columns. Once the wax had hardened, approximately 1 cm of soil was carved out from the 
bottom of each column and a wire screen was placed against the soil. Washers were used as 
spacers between the wire screen and the perforated Plexiglas™ plate to prevent air locks. The 
perforated plates were attached to the PVC pipe with screws and the seams were sealed with 
silicon glue. 
The soil columns were placed in a container and slowly saturated with 0.005 M calcium 
sulfate solution from the bottom. The saturated columns were placed on racks in a temperature-
controlled room (25 ± 5''C) and allowed to drain to field capacity. The performance of each 
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column and the reproducibility between the replicate soil columns were evaluated with a bromide 
ion tracer. A potassium bromide solution containing 17.5 mgofpotassium bromide (9.903 kg/ha) 
was ^plied to the surface of each column. The soil columns were leached with 675 ml ofultra-
pure waterto simulate 3.8 cm of rainfall (average spring rainfall in Iowa). Leachates were collected 
in fractions, and the bromide-ion breakthrough point and the concentration ofbromide ion in each 
fraction was measured using an ion-selective electrode. 
Soil treatment and leaching. Technical grade metolachlor and [U- ring -'"Cjmetolachlor 
(100 laCi) were dissolved in water and uniformly applied, in a crosshatch pattern, to the surface of 
each soil column at the rate of 3.36 kg ai/ha. The treating solution was incorporated into the top 2 
cm with a spatula, and glass wool was place over the top of each soil column to maintain the 
integrity of the surface. The top of the PVC pipe was sealed with a Plexiglas™ plate containing a 
polytetrafluoroethylene-covered neoprene stopper (#13) with three glass tube ports. The center 
port was connected to a separatory funnel that allowed ultra-pure water to be ^plied to the soil 
column weekly. The second port contained a charcoal trap that allowed air into the column and 
trap organic voIatUes that may escape from the headspace of the column. The final port lead to a 
0.1N sodium hydroxide trap followed by a Ultima Gold™ trap. A vacuum pump was used to 
create a suction that bubbled the contents of each column headspace through 0.1N sodium 
hydroxide and Ultima Gold™ traps to absorb '"'CO, and '"C-organic volatiles, respectively. The 
radioactivity of the trapping solutions was measured with a liquid scintillation spectrometer. A vial 
containing a resazurin solution (several drops of a 4% resazurin in ethanol + water) was used to 
determine when the enclosed headspace of the soil column became anaerobic. When the column 
headspace became anaerobic, the headspace of the column was exchanged more frequently. Three 
weeks after the treatment of the soil columns, each column was leached weekly for twelve weeks 
with 675 ml of ultra-pure water to simulate 3.8 cm of rainfall (average weekly spring rainfall in 
Iowa). The initial leaching ofthe columns began three weeks after the herbicide treatment to allow 
metolachlor to begin to degrade in order to observe the mobility of metolachlor and metolachlor 
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dpgn^Hafinn products through the soil profile. The leachates were collected and the radioactivity in 
each leachate was determined by liquid scintillation techniques. Two hundred ml of each leachate 
was vacuum filtered with glass fiber filter p{^)er and drawn through a solid phase extraction 
cartridge (SPE). Metolachlor and metolachlor degradates in the methanol eluates were 
characterized by thin layer chromatography (TLC). A portion ofthe methanol eluates, representing 
70,000 dpm (0.03 ^iCO, was concentrated under nitrogen in a warm-water bath and spotted on 
20-cm by 20-cm glass plates containing a 250-mm layer of silica gel 60 F-254. Radiolabeled 
metolachlor and the non-radiolabeled standards, iV^2-ethyl-6-methylphenyi)-2-hydroxy-Ar-(2-
methylethyO-acetamide and 4-(2-ethyl-6-methylphenyl)-5-methyl-3-morpholinone, were 
cochromatographed on each plate. The plates were developed in a hexane/methylene chloride/ethyl 
acetate (6:1:3, v/v/v) solvent system [36]. The location of the non-radiolabeled standards were 
identified with an ultraviolet lamp (254 nm). X-Omat™ Kodak diagnostic film (Eastman Kodak 
Co., Rochester, NY) was placed in contact with each plate for four weeks to produce an 
autoradiogram which located the extracted radiolabeled compounds. The relative fi'ontal movement 
(Rf) of each sample spot was measured and the silica gel fi'om each zoned sample spot was added 
to 5 ml ofUltima Gold™ scintillation cocktail (Packard Instrument Co., Downers Grove, IL). The 
radioactivity in each zone was measured with a liquid scintillation counter. 
Extraction and analysis. Once the soil columns had been leached for 12 consecutive 
weeks, they were disassembled and divided into 10-cm sections. Each section was thoroughly 
mixed, and the soil moisture content was determined. Three 50-g (dry weight) subsamples were 
taken fi'om each 10-cm section and extracted three times with methanol and ultra-pure water (9:1 v/ 
v). The quantity of soil bound residues was determined by combusting extracted soil in a Packard 
sample oxidizer (Packard Instrument Co., Downer's Grove, IL.). Soil pellets were made by 
combining 0.5 g of air-dried extracted soil with 0.1 g hydrolyzed starch. Sixpellets were 
combusted for each sample and the '"COj was trapped in Carbo-Sorb® E and Permafluor® V 
(Packard Instruments Co.). The radioactivity in each sample was quantified using liquid scintillation 
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spectrometry. Percent of applied ['^ ]metolachlor mineralized to 'XO,, leached through the soil 
column, and the amount remaining in the soil (bound and extractable) was calculated. Analysis of 
variance was used to determine significant differences between metolachlor and metolachlor 
degradation products in the soQ extracts and significant differences between soil bound residues in 
the sections of the extracted soil column. 
RESULTS AND DISCUSSION 
Mobility and distribution of metolachlor and metolachlor degradation products 
Results of this study are reported as percent radioactivity recovered fi'om the colunms. 
Despite attempts to account for all radioactivity the recovery of'"C in the columns was low. Only 
44% ofthe applied was recovered. Therefore the results should be interpreted with caution. 
Seventy-five percent ofthe recovered '''C remained in the soil column. Surface soils (0-10 
cm) contained a significantly greater (p < 0.05) percent of the '"'C than subsur&ce soils (10-60 cm) 
(Figure 2). Forty-nine percent ofthe recovered'"C was detected in the top ten centimeters. This 
was more than five times the amount of radioactivity detected in any ofthe 10- to 60-cm sections. 
The percent of recovered measured in each section declined with depth fi-om 48.7% in the top 
ten centimeters to 3.07% in the 50- to 60-cm section. Alhajjar et al. (1990) reported similar 
findings with ["Clmetolachlor-treated greenhouse lysimeters where 46% and 49% of the applied 
'^ C was detected in the top fifteen centimeters of the treated soils [10]. Keller and Weber (1995) 
observed a significant decline in the quantity of'"*0 detected in the sofl with depth in 0- to 8-cm, 8-
to 16-cm, and 16 to 24-cm sections of ['"Clmetolachlor-treated field lysimeters [37]. 
Nonextractable soil-bound residues represented the largest portion ofthe detected in the 
surface soil (Figure 2). The quantity of radioactivity bound to the subsurface soQ was significantly 
less (p < 0.05) than the surface soU. Bound residues in the surface soils were between eight and 
twenty-five times the amount found in the subsurface sections. The &te of agricultural chemicals in 
the soil and their potential to leach through the soil profile and contaminate groundwater is 
•extractable metoiachlor 
O extractable degradates 
•nonextractable residues 
^ 30 
0-10 10-20 20-30 30-40 
Soil depth (cm) 
40-50 50-60 
Figure 2. Distribution ofin the leached soil column. 
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dependent on the persistence of the compounds and their sorption to the soQ [16], Adsorption of 
metolachlor to soil is correlated with increasing organic carbon content (r > 0.72), percent clay (r= 
.80) and cation exchange capacity (r= .94) of the soil [18,21,33,38]. Sur&ce soils often contain 
greater quantities of organic matter than subsur&ce soils. Laboratory and greenhouse studies have 
reported metolachlor is weakly adsorbed and highly mobQe in low organic matter soQs (<1% 
organic matter) [21]. Examination ofthe soil properties in Table 1 revealsa 2.3% to 3.0% organic 
matter content in the soil from 0 to 45 cms. The presence of 48.7% ofthe recovered '"C (31.9% 
nonextractable bound residues) in the top ten centimeters of our columns is believed to be the result, 
in part, ofmetolachlor and metolachlor degradation products adsorption to the humic fraction of this 
relatively high organic matter soil [3 9]. Weber and Peter (1982) proposed the primary binding 
mechanism of metolachlor to soil is the result of l^rdrogen bonding between the carboxyl and 
hydro?Q^l groups of organic matter in the soil and the carbonyl oxygen of metolachlor. The ion 
pairing ofthe carbonyl oxygen of metolachlor to the cations of clay surfaces was proposed as a 
secondary binding mechanism [38]. 
The greatest quantity (p < 0.05) of extractable ['"Qmetolachlor and metolachlor degradates 
were detected in the top ten centimeters of the soil column (Table 2, Figure 3). Less than 2% of 
the recovered "C was identified as ["^]metolachlor in the soil extract ofthe surface soils while 14% 
was identified as extractable metolachlor degradation products. Negligible quantities of metolachlor 
were measured in the soil extracts of the subsurface soils (< 0.07%). Extractable metolachlor 
degradation products ranged from 0.88% in the 40-50 cm section to 3.49% in the 10-20 cm 
section. Trace quantities of the metolachlor metabolites ^ -{2-ethyi-6-methylphenyl)-2-hydroxy-^-
(2-methylethyl)-acetamide (carbinol) and 4-{2-ethyl-6-methylphenyl)-5-methyl-3-morpholinone 
(morpholinone) were detected in the soil extracts throughout the column. Unidentified metolachlor 
degradates (unidentified polar metabolites and unidentified organic metabolites) made-up more than 
85% ofthe extractable degradates (20% ofthe recovered '"C). 
Table 1. Physical and chemical properties of an Ames, Iowa soil 
Depth Sand Silt Clay O.M." C.E.C.*' 
(cm) Texture (%) (%) (%) (%) (meq/lOOg) PH" 
0 Sandy clay loam 52 26 22 2.3 12.5 5.3 
15 Loam 54 24 22 3.0 12.0 5.5 
45 Sandy clay loam 42 34 24 2.5 13.8 5.9 
60 Sandy clay loam 44 30 26 1.8 13.2 6.3 
"Organic matter. 
^Cation exchange capacity. 
*^1:1 (soil:distilled water). 
Table 2. Distribution and degradation of ['^ ]metolachlor in undisturbed soil columns 
Percent of recovered (± SE)* 
Soil depth; 0-10 cm 10-20 cm 20-30 cm 30-40 cm 40-50 cm S0-60cm 
Metolachlor 
CRB'' 
MRP 
Polar metabolites'' 
Unidentified metabolites'' 
Soil-bound residues 
Total ext degradate  ^
Total* 
1.30A(0.102) 
0.27 A (0.043) 
1.76 A (0,077) 
7.31 A(1.08) 
4.68 A (0.69) 
31.9 A(2.1) 
0.02 B(0.007) 
0.02 B(0.006) 
0.14B(0.037) 
1.89 8(0.45) 
1.44 8(0.42) 
3.71 8(0.12) 
0.068(0.003) 0.068(0.009) 0.07 8(0.016) 0.05 8(0.011) 
0.028(0.006) 0.018(0.002) 0.01 8(0.000) 0.01 8(0.003) 
0.13 8(0.024) 0.208(0.014) 0.18 8(0.009) 0.19 8(0.012) 
0.93B,C(0 28) 0.54C(0.16) 0.36C(0.12) 0.33C(0.082) 
1.29B,D(0.23) 0.808,E(0.16) 0.32 C,E(0.032) 0.43 C,D,E (0.086) 
2.868(0.16) 1.848(0.088) 1.32 8(0.044) 1.25 8(0.039) 
14.0 A(0.76) 3.49 8(0.19) 2.38C(0.078) 1.55D(0.055) 0.88D(0.098) 0.96D(0.086) 
48.7 A(2.07) 8.35 8(0.73) 6.098,0(0.25) 5.22C,D(0.43) 3.62C,D(0.69) 3.07C(0.51) 
'Means in each row followed by the same letter are not statistically different (p=O.OS). 
•"CRB = ^-(2-ethyl-6-methylphenyl)-2-hydroxy-^-(2-methylethyl)-acetamide (CGA 40172). 
'MPR = 4-(2-ethyl-6-methylphenyl)-5-methyl-3-morpholinone (CGA 40919). 
''Unidentified metabolites that remained in the water effluent after solid phase extraction (SPE). 
'Unidentified metabolites that were eluted from the SPE cartridge with methanol. 
Total extractable degradation products; The summation of CRB, MRP, Polar metabolites and Soil-bound residues. 
'Summation of Metolachlor, CRB, MRP, Polar metabolites. Unidentified metabolites and Soil-bound residues. 
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Figure 3. Quantity of metolachlor and metolachlor degradation products detected in the soil extracts ofthe 
leached soil column. 
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MetolacMor and metolacMor degradation products in the soil column leachates 
Twenty-five percent ofthe recovered leached through the soil profile of the undisturbed 
soil column. Trace amounts of ['^ ]metolachlor were detected in each of the twdve leachates (< 
1%). The carbinol and morphoUnone metabolites were detected in the leachates in negligible 
quantities (^0.04 %). Unidentified polar metabolites that were not removed finm the leachate with 
solid phase extraction (SPE) and unidentified metabolites detected in the methanol duates of the 
SPE C-18 cartridges were the largest components of the detected in the soil column leachates 
(ngure4). Between sbc and eleven degradation products were detected in each leadiate. The 
presence of eight degradatation products in the first leaching event indicate some ofthe degradation 
products of metolachlor were more mobOe than the parent compound. The quantity of''*C deteaed 
in the leachate gradually declined with the leaching events fi'om 3.34% in the first leachate to 1.09% 
in the final leachate. Our findings are in agreement with those of Alh '^ar et al. (1990) who detected 
metolachlor and sbc unidentified metolachlor metabolites in the leachate of greenhouse lysimeters 
packed with Plainfield sand [10], Greater than 6,500 ml ofleachate was collected at the bottom of 
each colunm. The calculated concentration of metolachlor in the total leachate was 4.5 ^g/L. 
Mineralization and volatilization of metolachlor 
Ultima Gold™ traps and sodium hydroxide traps were used to collect organic volatOes and 
'•'CO, produced fi'om the mineralization of ['''C]meto!achlor. Mineralization of [''*C]metolachlor to 
•''CO, was minimal. Less than one percent of the recovered '*C was detected in the NaOH traps. 
Organic volatiles were not detected in the headspace of the columns. 
CONCLUSION 
Based on the percent recovered identified as degradation products in the leachate and 
soil extracts it appears the dissipation of metolachlor is primarily the result of degradation rather than 
the leaching of the parent compound. Metolachlor was degraded in the soil to a number of 
degradation products. The complete degradation or mineralization of metolachlor to was 
3.5 metolachlor 
carbinol 
morpholinone 
polar 
unidentified 2.5 -
0 1 2 3 4 5 6 7 8 9 10 11 12 13 
Leaching event 
Figure 4. Metolachlor and metolachlor degradation products in the leachate of the soil columns. 
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minimal. Metoiachlor and metolachlor degradation products were detected in each of the twelve 
leachates. These results suggest in this soil, which contains more sand and less clay than a typical 
Iowa soil, metolachlor and a number of metolachlor degradation products are su£5ciently mobile and 
persistent to become potential groundwater contaminants. Hi agricultural states such as Iowa where 
subsur&ce tile drains are used to reduce the soil moisture of agricultural fields, the mobility of 
metolachlor and its d^radation products through the soil profile may also threaten surface waters as 
a result of subsurface tile drain water entering streams and rivers. 
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CHAPTER 4. FATE OF METOLACHLOR AND ATRAZINE IN SURFACE WATER 
AND SURFACE WATER/SEDIMENT INCUBATION SYSTEMS 
A paper to be submitted to the Environmental Toxicology and Chemistry 
Pamela J. Rice', Todd A. Anderson^ and Joel R. Coats' 
Abstract Experiments were conducted to determine the persistence and degradation of 
metolachlor and atrazine in surface water and investigate the influence of sediment on the dissipation 
of metolachlor or atrazine from sur&ce waters. Atrazine was more persistent than metolachlor in 
the sterile and nonsterile surface waters. Calculated half-lives of atrazine and metolachlor in 
nonsterile surface water were 150 days and 33 days, respectively. The addition of sediment 
(nonsterile or sterile) to water (nonsterile or sterile) significantly reduced the concentration of 
atrazine or metolachlor in the surface water. The degradation of metolachlor in sur&ce water is 
primarily biotic. A significantly larger percentage of applied '**0 was detected in the water as 
metolachlor degradates compared to the quantity^ of measured in the sediment. This implies 
degradation was more important than sediment adsorption in the dissipation of metolachlor fi-om the 
water column of the surface water/sediment system. The reverse was noted in the atrazine-treated 
systems in which a greater percentage of the applied '"C was detected in the sediment compared to 
the quantity detected in the water as atrazine degradates. Metolachlor and atrazine were not 
significandy degraded by photolysis. 
Keywords Atrazine Metolachlor Surface water Sediment 
' Pesticide Toxicology Laboratory, Department ofEntomoIogy, Iowa State University, Ames, Iowa 
50011. 
^ The Institute ofWIldlife and Environmental Toxicology, Department ofEnvironmental Toxicology, 
Clemson University, Pendleton, South Carolina 29670. 
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INTRODUCTION 
Metolachlor (2-chloro-M(2-ethyI-6-methylphenyl)-AKmethoxyprop-2-yl)acetaniide) and 
atrazine (6^:hloro-MethyI- '^-(l-methylethyI)-l,3,5-tria2ine-2,4-diairane) are two of the most 
widely used herbicides in the United States. An estimated seventy-five percent of the metolachlor 
and atrazine are applied to fields in the Midwest to control broadleaf weeds and grasses in com, 
soybean and sorghum [1,2 as cited by 3], RunofD'erosion of pestiddes fi-om agricultural fields is 
believed to be the largest contributorto water quality degradation in the Midwest [4], Wauchope 
(1978) reported atrazine applied at a rate of 1.6 - 3.36 kg/ha can produce a runofif concentration of 
120-3,400 ng/L, a concentration that greatly exceeds the USEPA maximum contaminant level 
(MCL) for drinking water [5]. Approximately 1 to 6% of soil-applied herbicides may be lost to 
aquatic environments in runoff and drainage fi-om agricultural fields [6-8]. The off-site movement of 
pesticides fi-om the soil to sur&ce water and groundAvater is dependent on the compounds' 
persistence, water solubilities and sorption to soil [9,10]. Atrazine and metolachlor are relatively 
water soluble herbicides that are moderately adsorbed to soil and primarily transported to surface 
water and groundwaterin the waterphase[l, 11,12]. The widespread use of these moderately 
soluble and mobile herbicides has led to the fi-equent detection of atrazine and metolachlor in sur&ce 
water and groundwater [13-15], Once herbicides enter surface water and groundwater they are 
subjected to different environmental conditions that may influence their persistence and degradation. 
The objective of this study was to determine the persistence of atrazine and metolachlor in surface 
water and evaluate the influence of sediment in the removal and biotransformation of these 
herbicides fi"om contaminated waters. 
MATERIALS AND METHODS 
Chemicals 
[U-ring-"'C]metolachlor(2-chloro-A''-(2-ethyl-6-methylphenyl)-^-(methoxyprop-2-
yl)acetamide) (CGA24705,98.9% pure); two metolachlor degradates^-(2-ethyl-6-
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methylphenyl)-2-hydroxy-^-(2-inethjde%l)-ac®ta™de (CGA40172,98.4% pure) and 4-(2-
ethyI-6-methylpheityl)-5-metltyI-3-morpholinone(CGA40919,99.8% pure); [U-ring-'^ ]atrazine 
(6-cMoro-N-ethyI-N'-(l-meth)deth5^1,3,5-triazine-2,4-diamme) (98.2% pure); [U-ring-
"K3]deethylatrazine (94.8% pure); [U-ring-''^ ]deisopropylatra2ine (92.9% pure); [U-ring-
"*C]didealkyIatrazine (98.8% pure) and [U-ring-'^ ]hydroxyatrazine (97.5% pure) were gifts from 
Ciba Crop Protection, Greensboro, NC. 
Sample collection 
Surface water and sediment cores were collected from the Iowa State University 
Horticulture Station Pond, Ames, Iowa. Pond water samples were collected in sterile 4-L bottles 
and stored at 4°C. Sediments cores (lO.S cm x 18 cm) were collected using a Par Aide golf cup 
cutter. Ten randomly seleaed sediment cores were composited for each of the three replicates, 
sieved (2.4 nmi) and stored at 4°C. Physical and chemical properties of the sediment were 
analyzed by A&LMid West Laboratories Inc. (Omaha, Nebraska) (Table 1). 
Experimental design 
Experiments were conducted to evaluate the degradation of metolachlor or atrazine in 
sur&ce water and surface water/sediment systems. Each experimental variation was replicated 
three times. Three incubation periods will be randomly assigned to each replicate. Statistical 
significance was determine with analysis of variance. 
Surface water ^ sterns 
Glass french square bottles were filled with 150 ml of a water solution containing pond 
water/Hoagland's nutrient solution/ultra-pure water (1:1:4 v/v/v). A pond water/Hoagland's nutrient 
solution/ultra-pure water mixture was used instead of 150 ml pond water, in this study and the 
aquatic plant study described in chapter 5, in order to make the study more reproducible for other 
researchers. [U-ring-''^ ]metolachlor or [U-ring-'^ C]atrazine was added to the water at a rate of 
200 \Lg/L. This rate was chosen to represent a runoff concentration and to ensure there was enough 
radioactivity for the detection of metabolites. \^als containing 10 ml of 0.1N sodium hydroxide 
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were su^)ended within the Frendi square jars to tr^ 'XOj resulting from the mineralization ofthe 
[Lr-ring-''*C]herbicide. The test systems were incubated in a temperature controlled green house 
(25 ±2®C) with a 14:10(Iight:daric) photoperiod. 
Surface water/sediment ^ sterns 
To study the effect of pond sediment on the &te and degradation ofmetolachlor or atrazine 
in water, SO g (dry weight) of sediment was added to the previously described treated water 
solutions. Thebottom halfofeachFrenchsquarejarwascoveredwithtapetoshieldthesediment 
from exposure to light. The surface water/sediment systems were maintained at 25 ± 2°C with a 
14:10 (lightrdark) photoperiod forthe duration of the experiment (0,16 or 60 days). Vials 
containing 10 ml 0.1N sodium hydroxide were suspended in the headspace of the incubation flask 
to trap '^ COj resulting from the mineralization of metolachlor or atrazine. 
Table 1. Physical and chemical properties of the Ames, Iowa pond sediment 
Sand snt Clay OM." CB.C} 
Texture (%) (%) (°/o) (%) (meq/lOOg) 
Sand 88 8 4 1.3 9.9 7.8 
^Organic matter. 
^Cadon exchange capacity. 
1; 1 (soilrdistilled water). 
Additional surface water and surface water/sediment systems were sterilized to determine 
the significance of microbial degradation on the fate of metolachlor and atrazine in sur&ce waters. 
Experiments were conducted where 1) the entire surface water system, 2) the entire surface water/ 
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wHiment ^stem, Of 3) only the sediment of the surface water/sediment system was autoclaved (1 h 
at 121°C for 2 consecutive days) prior to the treatment ofthe water. 
Extraction and analysis 
At the completion of each test duration, sediment was removed from the water solution 
using vacuum filtration. The herbicides and herbicide degradates were extracted from the sediment 
with methanol and ultra-pure water (9:1 v/v) and removed from the sediment extracts and sur&ce 
water solutions using solid phase extraction (SPE). Supelclean Envi-18™ 6-cc solid phase 
extraction cartridges (Supelco, Inc., Bellefonte, PA) were positioned on a 12-port Visiprep Solid 
Phase Extraction Vacuum Manifold™ (Supelco, Inc., Bellefonte, PA), activated with 18 ml (3 
column volumes) ofcertified methanol and then 18 ml (3 column volumes) of ultra-pure water. Soil 
extracts were drawn through the activated cartridges using an applied vacuum (SO kPa). Once the 
entire sample had been drawn through the extraction cartridge, the solid phase packing was dried 
by drawing air through the cartridge for approximately 15 minutes. The cartridges were eluted with 
10 ml certified methanol. The radioactivity of the methanol eluate and the effluent (post-SPE soil 
^ctract sample) was determined with liquid scintillation techniques. Extracted sediments were mixed 
with hydrolyzed starch and combusted in a Packard sample oxidizer (Packard Instrument Co.) to 
determine the quantity of radioactivity bound to the soil. "COj produced from the combusted 
sediment was trapped in Carbo-Sorb E and Permafluor V (Packard Instruments Co.). Liquid 
scintillation counting quantified the radioactivity in the sodium hydroxide traps, water solutions, 
sediment extracts, and the combusted sediment. The herbicide and herbicide degradation products 
in the water and sediment extracts were characterized with TLC. [U-ring-'''C]-metolachlor, 
unlabeled A/'-(2-ethyl-6-methylphenyl)-2-hydroxy-A^2-methylethyl)-acetaniide, unlabeled 4-(2-
ethyl-6-methylphenyI)-5-methyI-3-morpholinone and the water and sediment extracts from the 
metolachlor-treated systems were spotted on 20-cm by 20-cm glass plates containing a 250-(im 
layer of normal-phase silica gel 60 F-254. The plates were developed in a hexane/methylene 
chloride/ethyl acetate (6:1:3 v/v/v) solvent system [16]. [U-ring-'''C]atrazine,[U-ring-
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"^]deethylatra2ine, [U-ring-'^ ]deisopropylatrazine, IU^-ring-'X:]didealIgdatrazine, [U-ring-
'^ ]hydro}Qratrazine and the water and sediment extracts from the atrazine-treated systems was 
spotted on the normal phase silica gel plates and developed in a chloroform/methanol/formic add/ 
water (100:20:4:2v/v/v) solvent system (Ciba Crop Protection). An ultraviolet lamp (254 nm) was 
used to locate the non-radiolabeled standards. The location of the radiolabeled standards and the 
['•'Clextracted compounds were determined by autoradiogr^hy using Kodak X-Omat™ 
diagnostic film (Eastman Kodak Co., Rochester, NY). Silica gel of each spot was scraped into 
vials containing S ml of Ultima Gold™ scintillation cocktail (Packard Instrument Co., Downers 
Grove, IL). The radioactivity of each spot was counted on a liquid scintillation spectrometer. A'^  
mass balance was determined for each system. 
RESULTS 
Persistence of P*C]metolachlor and p^CJatrazine in sutface water incubation systems 
Effect of light expomre. The degradation rate of ['"CJmetoIachlor in the surface water 
was not significantly enhanced with light exposure. After 60 days, 63.8% and 2S% of the applied 
metolachlor remained in the water of the autoclaved and nonsterile incubation systems, respectively, 
exposed to a 14; 10-h lightrdark photoperiod (Table 2). Autoclaved and nonsterile surface waters 
incubated without light contained 65.3% and 31% ofthe applied radiolabeled herbicide, 
respectively. Similar results were seen in the ['"CJatrazine-treated systems. Analysis of the water 
showed the quantities of atrazine remaining in the water after 60 days ranged from 74.2% to 88.5% 
of the applied (Table 3). The levels of atrazine detected in the nonsterile waters exposed to the 
14:10-h (light:dark) photoperiod were less than the levels detected in the systems incubated without 
light, however the values were not significantly different (p < 0.23). 
Abiotic vs. biotic degradation. A comparison of the sterile and nonsterile metolachlor-
treated systems revealed metolachlor was significantly reduced in the nonsterile water (p < 0.001) 
(Table 2). A significantly (p < 0.003) greater quantity of degradation products were detected in the 
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Table 2. Degradation of ['^ ]metoIachlor in nonsterile and sterile surface waters (reported as 
percentage of applied 
60-d Incubation*''* 
Photoperiod; 14:10 h (Iight:dark) 24 h dark 
Incubation system': ST-water NS-water ST-water NS-water 
water extract 
Metolachlor 63.8 a 28.0 b 65.3 a 31.0 b 
Carbinol'' 0.38 a 1.16 a 0.18 a 0.64 a 
Morpholinone' 0.85 a 6.33 a 1.61 a 2.66 a 
Polar metabolites'^  3.98 a,c 5.74 a 0.67 b,c 2.71 c 
Others' 7.35 a 36.1 b 5.90 a 36.1 b 
degradation products total 12.6 a 49.3 b 8.37 a 42.1 b 
water extract total 76.4 a 77.3 a 73.7 a 73.1 a 
CO, 0.79 a 0.17 a 0.04 a 0.46 a 
SPE loss"" 23.2 a 9.63 b 24.9 a 14.0 b 
Overall total 100 a 87.1 b 98.6 a 87.6 b 
Incubation systems were maintained at 25 ± 2°C with either a 14:10 h (light:dark) or 24 h 
dark photoperiod. 
"Means in each row followed by the same letter are not statistically different (p = 0.05). 
®ST = sterile (autoclaved Ih at 121°C for two consecutive days prior to the addition of 
['•*C]metolachlor); NS = nonsterile; water = 150 ml of pond water/Hoagland's nutrient 
solution/uhra-pure water (1:4:4 v/v/v). 
••Carbinol = A^(2-ethyl-6-methylphenyl)-2-hydroxy-^-(2-methyIethyl)-acetamide. 
'Morpholinone = 4-(2-ethyl-6-methylphenyl)-5-methyl-3-morpholinone. 
'Polar metabolites = unidentified metolachlor degradates found in the solid phase extraction 
(SPE) effluent. 
®Others = unidentified metolachlor degradates detected in the SPE methanol eluates. 
•"Solid phase extraction (SPE) loss = % of applied ['"'C] metolachlor lost during SPE of the 
water extract (dpm in the water prior to SPE - total dpms in the SPE effluent and eluates). 
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Table 3. Degradation of ['^ ]atrazine in nonsterile and sterile sui&ce waters (reported as 
percentage of applied'T) 
60-d Incubation*''' 
Photoperiod: 14:10 h (Iight:dark) - 24 h dark 
Incubation system': ST-water NS-water ST-water NS-water 
water extract 
Atrazine 19A a 74.2 a 75.8 a 88.5 a 
Deethylatrazine 3.12 a 4.34 a 4.46 a 2.4 a 
Deisopropylatrazine 1.75 a 2.82 a 0.85 a 0.78 a 
DideaUQ^Iatrazine 0.24 a 0.12 a 0.09 a 0.20 a 
Hydroxyatrazine 0.49 a 2.73 a 0.40 a 0.43 a 
DeethyUiydrojqratrazine 0.06 a 0.11 a 0.01 a 0.04 a 
Deisopropylhydroxyatrazine 0.01 a 0.09 a 0.01 a 0.04 a 
Polar metabolites^ 0.77 a 3.36 b 1.19 a 0.85 a 
Others* 1.15 a 3.98 a 0.96 a 1.32 a 
degradation products total 7.60 a 17.6 b 7.96 a 606a 
water extract total 87.0 a 91.8 a 83.8 a 94.6 a 
CO, 0.01 a 0.03 a 0.01 a 0.03 a 
SPE loss^ 12.9 a 6.49 a 12.9 a 6.39 a 
Overall total 99.9 a 98.3 a 96.7 a 101 a 
Tncubation systems were maintained at 25 ± 2°C with either a 14:10 h (light:dark) or 24 h 
dark photoperiod. 
'Means in each row followed by the same letter are not statistically different (p = 0.05). 
"^ST = sterile (autociaved Ih at 121°C for two consecutive days prior to the addition of 
["C]atrazine); NS = nonsterile; water = 150 ml of pond water/Hoagland's nutrient solution 
ultra-pure water (1:4:4 v/v/v). 
''Polar metabolites = unidentified atrazine degradates found in the solid phase extraction 
(SPE) effluent. 
®Others = unidentified atrazine degradates detected in the SPE methanol eluates. 
^Solid phase extraction (SPE) loss = % of applied ['"'CJatrazine lost during SPE of the water 
extract (dpm m the water prior to SPE - total dpm in the SPE effluent and eluates). 
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water ofthe nonsterile systems compared to the water ofthe autoclaved systems. The quantity of 
atrazine remaining in the water of the atrazine-treated nonsterile and sterile surface water ^ ems 
was not significantly different (p < 0.23) (Table 3). The mineralization of metolachlor or atrazine to 
COj was minimal (<0.1%) in the nonsterile and sterile systems incubated with and without light 
(metolachlor < 0.01%; atrazine < 0.05%). First-order half-lives of metolachlor and atrazine in the 
sur&ce-water incubation systems are given in Table 4. 
Persistence of metolachlor and atrazine in surface waier/setSment incubation systems 
Concentrations of metolachlor were significantly (p < 0.001) reduced in the water ofthe 
incubation systems containing sediment (Figure 1). After 60 days less than one percent ofthe 
applied metolachlor was detected in the water of the nonsterile and autoclaved surface water/ 
sediment systems. Twenty-eight percent and 63.8% ofthe applied metolachlor remained in the 
water ofthe nonsterile and autoclaved incubation systems that did not contain sediment. Atrazine-
treated sur&ce water and surface water/sediment systems showed similar trends. Concentrations of 
atrazine were significantly (p < 0.001) reduced in the water of the systems containing sediment 
compared to the incubation systems that did not contain sediment (Figure 2). 
Adsorption and degradation of metolachlor and atrazHne 
The significant (p < 0.001) reduction of metolachlor and atrazine in the water ofthe surface 
water/sediment systems was the result of adsorption and degradation. This is illustrated in Figures 
3-6 which show the distribution of'"'C {lines) in the surface water/sediment systems, which showed 
an increase ofassociated with the sediment and a reduction of "C in the water. The importance 
of degradation is also illustrated by the significant (p < O.OS) reduction of metolachlor and atrazine 
(jbars) in the water and sediment extracts relative to the total '"'C (lines) in each extract. Tables 5 
and 6 ^ ve the distribution of metolachlor and atrazine in the surface water and sur£ice water/ 
sediment systems. The quantity of applied "C adsorbed to the sediment (sediment total = 
extractable and nonextractable) ranged fi^om 29.8% to 44.7% ofthe applied metolachlor and 18% 
to 34% ofthe applied atrazine. 
Table 4. First-order half-lives of metolachlor and atrazine in surface water and surface water/ 
sediment incubations systems 
Half-life (days)* 
Incubation system Metolachlor Atrazine 
NS*" surface water - light® 33 (H=0.94) 150 (r^=0.76) 
NS surface water - dark*^ 35 (r^=0.93) 329 (r2=0.82) 
ST® surface water - light 97 (r^=0.86) 177 (1^=0.69) 
ST surface water - dark 113 (H=0.63) 147 (r^=0.73) 
NS surface water/NS sediment*^ 8 (r^=0.97) 42 (r^=0.99) 
ST surface water/ST sediment*^ 8 (r^=0.69) 117 (r^=0.78) 
'The half-lives were calculated assuming first-order reaction kinetics. 
•"NS = nonsterile. 
Might = 14:10 light'.dark photoperiod. 
''dark = incubated without light. 
'ST = sterile (autoclaved at 120°C for I h for 2 consecutive days). 
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Figure I. Percentage of applied [''*C]metolachlor remaining in the water of the surface water and surface water/ 
sediment incubation system after 60 days. 
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Figure 2. Percentage of applied ['"CJatrazine remaining in the water of the surface water and surface water/sediment 
incubation system after 60 days. 
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Figure 3. Distribution of'''C and [''*C]metolachlor in the surface water (nonsterile)/sediment (nonsterile) 
incubation systems. ('"'C-MET = ['''C]metoIachIor; sed. = sediment) 
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Figure 4. Distribution of'"C and [''*C]metolachlor in the surface water (sterile)/sediment (sterile) incubation systems. ('''C-MET 
= [''*C]metolachlor; sed. = sediment; sterile = autoclaved for I h at 120''C for two consecutive days) 
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Figure 5. Distribution of'"C and ['"CJatraane in the surface water (nonsterile)/sediment (nonsterile) incubation ^stems. ('*C-
ATR = ['"'CJatrazine; sed. = sediment) 
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Figure 6. Distribution of'"C and ['"•Cjatrazine in the surface water (sterile)/sedinient (sterile) incubation ^sterns. 
("•C-ATR=['^ ]atrazine; sed. = sediment; sterile=autoclaved for 1 h at 120°C for two consecutive days) 
Table 5. Distribution of applied '^ C in the ['^ C]metolachlor-treated surface water and 
surface water/sediment incubation systems. 
Wulci* Sediment' Mass balance 
I'.xirnclitlilc NoneKlraclnlile 
C^ClMin'' C'Cincuradalcs •lulnl i'v:| |'^ ClMlirtl'^ Cl!)cBradalcsl'^ C113ouml •lolal ("C] Total l"Cl 
Inctilinlioii .sy.<>lt;iii (%)• (%)« ("/.,y (%)' (%)• (%)' (%)• (%)• 
S I "' suifacc wnler 61,K a 12,6 a 76.'1 n .... 76.4 
NS* suiface walcr 2K.0 b •19.3 b.c 77,3 a 77.3 
ST-walcrAST-scdimcnl 0,77 c 40.9 b '11.7 c 0.27 a 25.5 a 21.2 a 47.0 a 88.7 
NS-waler/NS-se(lin\cnl 0.73 c 59.9 c 60.6 b 0.57 a 9.20 b 20.1 a 29.9 b 90,5 
NS-wnler/ST-scdimcnl 0.l9c 53.8 c S'l.O I) 0.28 a 4.65 b 30.9 a 35.8 a,b 89.8 
'Means in encli column followed by llie snnie ieller are not slalisticnily diflcrcnl (p 0.05). 
"•['^ ClMliT = ["C]n>ctolncIilor. 
•(%) = percent of applied '•'C aOer a 60-dny incubation at 2.S"(^ 
"•ST = sterile (autoclaved at I20°C for I li on two conscculivc days). 
•NS = nonsterile 
Table 6. Distribution of applied '^ C in the ['''Clatrazine-treated surface water and surface water/sediment incubation systems. 
Wiilui* Sediineiil* Mass lialance 
nxlinclHlilc Noiiexlractalile 
C^CIAIIO- ("CjDcgradatcs Total i'^ Cj I'^ ClAI Kt C'Cincgradates ["ClRound Total I"C1 Total ("CJ 
Incubation system (%)• (%)' (%)' (%)• (%)• (%)• (%)• (%)• 
ST'' surface water lOA a.b 7.59 a 87.0 a .... .... .... 87.0 
NS* surface water 74.2 b.c 17.6 b yi.K b 91.8 
S'I'-watcr/S'I'-sedin\enl eg.-ic 5.83 a 74.2 c 9.99 a 0.70 a 7.29 a 18.0 a,c 92.2 
NS-wa(cr/NS-setliinen( 36.7 (1 22.9 c 59.6 d 5.54 b 2.87 b 25.6 b 34.0 b 93.6 
NS-water/ST-sedimenl 3.36 e 55.5 d 58.9 d 0.55 c 4.52 0 22.1 b 27.3 a.b 86.2 
'Menns in each column Tollowcd by tlic snntc lellcr arc not stalislicnily (tillcicnl (|) = 0.05). 
'•['•'C] ATIl = ('^ C]ntrnzinc. 
'(%) = |)crcciit of applied '^ C afler a 60-d«y Inciilialion al 25"C. 
•"ST = sterile (anioclaved at I20"C for I li on two consccniivc days). 
*NS = nonslerilc. 
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Greater quantities of d^radation products were detected in the water of the incubation 
systems containing sediment. Although a significantly greater percentage of the applied was 
detected in the water of the metolachlor-treated sur&ce water systems (76.3% and 77.3%) 
compared to the water column of the surface water/sediment systems (41.7%, 60.6% and 54%), 
the sur&ce water/sediment systems contained a greater percentage of metolachlor Jegradation 
products (40.9%, 59.9%, 53.8% vs. 12.6%, 49.3%) (Table 5). The quantities of metolachlor-
degradates detected in the water of the nonsterile systems containing sediment (59.9%, 53.8%) 
were not significantiy greater than the quantities measured in the nonsterile sur&ce water systems. 
Analysis of the metolachlor-treated systems revealed that significantiy (p < 0.05) greater quantities 
of metolachlor degradates were detected in the water of the autoclaved surface water/sediment 
system (40.9%) compared to the sterile surface water systems W/Z/IOM^ sediment (12.6%) (Table 
5). A significantly (p < 0.0387) larger quantity of atrazine d^adation products were detected in 
the water ofthenonsterile incubation systemscontainingsediment(22.8%, 55.5%) compared to the 
nonsterile systems without sediment (17.55%) (Table 6). The quantity of atrazine degradates found 
in the water of the sterile surface water system and the autoclaved sur&ce water/sediment system 
were comparable (7.59% and 5.83%) (Table 6). 
Comparison of degradation products in the water of the surface water and surface water/ 
sediment incubation systems 
There was no significant difference in the quantities of deethylatrazine (DEA) and hydroxyatrazine 
(HYA) found in the water of the autoclaved and nonsterile surface water or surface water/sediment 
incubation systems after a 60-d incubation (Table 7). Significantly greater (p < 0.05) levels of 
deisopropylatrazine (DIA), didealkylatrazine (DDA), deisopropylhydroxyatrazine (DIHYA), and 
unidentified polar metabolites were detected in the water of the nonsterile incubation system 
containing autoclaved sediment compared to the nonsterile system that did not contain sediment. 
With the exception of the nonsterile surface water/sediment system that contained autoclaved 
sediment, the dealkylated degradation products of atrazine, DEA and DIA, were detected in the 
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Table 7. Effect of sediment on the &te and degradation of p^]atrazine in surface waters 
(reported as percentage of applied 
60-d tncubation** 
ST-water/ NS-water/ NS-water/ 
Incubation system'': ST-water NS-water ST-sediment NS-sediment ST-sediment 
Water extract 
Atrazine 79.4 a,b 74.2 b,c 68.4 c 36.7 d 3.36 e 
Deethylatrazine 3.12 a 4.34 a 1.93 a 7.59 a 2.01 a 
Deisopropyiatrazine 1.75 a 2.82 a,b 1.30 a 4.45 b,c 7.10 c 
Didealkylatrazine 0.24 a 0.12 a 1.17 a 2.57 a 24.7 b 
Hydroxyatrazine 0.49 a 2.73 a 0.82 a 2.69 a 3.36 a 
Deethylhydroxyatrazine 0.06 a,b 0.11 b,c 0.02 a 0.02 a 0.17 c 
Deisopropylhydroxyatrazine 0.01 a 0.09 b 0.02 a 0.02 a 0.26 c 
Polar metabolites 0.77 a 3.36 b 0.57 a 5.51 c 17.9 d 
Others 1.15 a 3.98 a 0.00 a 0.00 a 0.00 a 
fVater extract total 87.0 a 91.8 h 74.2 c 59.6 d 58.9 d 
Sediment extract 
Atrazine — — 9.95 a 5.54 b 0.51 c 
Deethylatrazine — — 0.13 a 0.31 a 0.10 a 
Deisopropyiatrazine — — 0.07 a 0.19 a 0.62 a 
Didealkylatrazine — — 0.02 a 0.04 a 0.05 a 
Hydroxyatrazine — — 0.21 a 0.79 a 2.16 a 
Deethylhydroxyatrazine — — 0.00 a 0.00 a 0.01 a 
Deisopropylhydroxyatrazine — — 0.00 a 0.00 a 0.02 a 
Polar metabolites' — — 0.24 a 1.54 a 1.53 a 
Others'* — — 0.00 a 0.00 a 0.00 a 
Segment extract total — — 10.6 a 8.41 a 5.00 b 
Soil-bound residues 7.09 a 25.6 b 22.1 b 
CO, 0.01 a 0.03 1 a 0.00 a 0.01 a 0.03 a 
Organic volatiles — — 0.21 a 0.00 a 0.11 a 
SPE loss® 12.9 a 6.49 i  4.35 a 2.97 a 7.12 a 
Overall total 99.9 a 98.3 i a 96.5 a 96.6 a 93.3 a 
" Incubation systems were maintained at 25 ± 2°C with a 14:10 (L:D) photoperiod. Means in each row 
followed by the same letter are not statistically different (p = 0.05). 
'' ST = autoclaved (Ih at 121''C on two consecutive days) prior to the addition of ["CJatrazine; NS = 
not autoclaved; water = 150 ml of pond water/Hoagland's nutrient solution/ultra-pure water (1:4:4 v/v/ 
v); sediment = 50g (dry weight) of pond sediment. 
' Polar metabolites = unidentified metolachlor degradates found in the solid phase extraction effluent 
'• Others = unidentified metolachlor degradates detected in the SPE methanol eluates. 
* Solid phase extraction (SPE) loss = % of applied ['"CJatrazine lost during SPE of the water or 
sediment extract 
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water as a numerically greater percentage of the applied 'X than the lQ^dro;Qrldegradate,HYA, but 
the differences were not statisticaQy significant. In the water of the nonsterile surface water/ 
sediment system containing autoclaved sediment, DDA was detected in the water at 24.7% of the 
^pliedThequantityofDDAinthissystemwassignificantly(p<0.05)greaterthanthe 
quantity ofDDA detected in the other incubation systems. A significantly (p < 0.05) greater 
percentage of the applied was bound to the sediments of the nonsterile systems (25.6% and 
22.1%) compared to the autoclaved system (7.29%). The autoclaved sur&ce water/sediment 
system contained significantly (p < 0.05) more ["Hr] ATR in the sediment extract than the nonsterile 
systems. The quantity of degradates extracted Srom the sediments each represented less than 2.5% 
of the applied and their quantities were not statistically different fi-om each other (p < 0.05). 
Less than one percent of the applied p'*C]atrazine was mineralized to in any ofthe incubation 
systems. 
Analysis of the water fi'om the metolachlor-treated systems showed a greater percentage of 
the applied was identified as the caibinol and morpholinone metabolites of metolachlor in the 
nonsterile surface water and surface water/sediment systems compared to the autoclaved systems, 
but the values were not statistically different (Table 8). The quantities of metolachlor, carbinol, and 
morpholinone extracted fix}m the sediment and the quantity of applied bound to the sediment 
were comparable for all of the metolachlor treated surface water/sediment systems. The 
mineralization of [''•Qmetolachlor to '"'COj was minimal (< 1%). 
Metolachlor vs. atrazine 
Metolachlor was degraded more rapidly than atrazine in the autoclaved and nonsterile 
surface water incubation systems (Tables 2 and 3). Significantly (p < 0.05) greater quantities of 
metolachlor-degradates were detected in the nonsterile sur&ce waters than atrazine-degradates. 
Half-lives for metolachlor and atrazine were calculated according to first-order reaction kinetics 
(Table 4). Half-lives of metolachlor ranged fi'om 33 days in the nonsterile water to 113 days in 
autoclaved water. The half-lives of atrazine were greater than 145 days. Significantly (p < 0.05) 
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Table 8. Effect of sediment on the &te and degradation of ['^ ]metoIachlor in surface waters 
(reported as percentage of applied 
60-d incubation* 
ST-water/ NS-water/ NS-water/ 
Incubation system'': ST-water NS-water ST-sediment NS-sediment ST-sediment 
Water extract 
Metoiachlor 63.8 a 28.0 b 0.77 c 0.73 c 0.19 c 
Carbinol' 0.38 a 1.16 a 0.12 a 5.18 a 0.63 a 
Morpholinone' 0.85 a 6.33 b,c 1.58 a,c 12.0 b 2.93 a,b 
Polar metabolites' 3.98 a 5.74 a 1.16 b 8.63 c 10.3 c 
Others*^ 7.35 a 36.1 b 37.2 b 34.2 b 39.9 b 
Wiiter extract total 76.4 a 77.3 a 40.% a 60.6 a 54.0 a 
Sediment extract 
Metoiachlor — — 0.06 a 0.57 a 0.28 a 
Carbinol' — — 0.03 a 0.72 a 0.19 a 
Morpholinone'' — — 0.61 a 1.41 a 1.02 a 
Polar metabolites' — — 0.52 a 0.72 a 0.83 a 
Others*^ — — 22.6 a 6.36 b 2.62 b 
Sediment extract total — — 23.8 a 9.78 h 4.94 h 
Soil-bound residues ,,,, 19.4 a 20.0 a 30.9 a 
CO, 0.79 a 0.17 b 0.09 b 0.17 b 0.31 b 
Organic volatiles — — 0.63 a 0.00 b 0.20 a,b 
SPE losss 23.2 a 9.63 b 16.9 c 8.96 b 7.73 b 
Overall total 100 87.1 102 99.5 98.1 
" Incubation systems were maintained at 25 ± 2°C with a 14:10 (LJD) photoperiod. Means in 
each row followed by the same letter are not statistically different (p = 0.05). 
'' ST = sterile (autoclaved Ih at IZl^C for two consecutive days prior to the addition of 
['^ C]tnetolachlor); NS = nonsterile; water = 150 ml of pond water/Hoagland's nutrient solution/ 
ultra-pure water (1:4:4 v/v/v). 
•= Carbinol = ^-(2-ethyl-6-methylphenyl)-2-hydrojQr-^-(2-methyIethyl)-acetamide. 
Morpholinone = 4-(2-ethyl-6-methylphenyl)-5-methyl-3-morpholinone. 
® Polar metabolites = unidentified metoiachlor degradates found in the solid phase extraction 
(SPE) effluent. 
Others = unidentified metoiachlor degradates detected in the SPE methanol eluates. 
® Solid phase extraction (SPE) loss = % of applied ['"Clmetolachlor lost during SPE of the water 
extrart (dpm in the water prior to SPE - total dpms in the SPE eflQuent and eluates). 
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greater quantities ofatrazine were detected in the water of the sur&ce water/sediment sjrstems 
compared to metolachlor (Tables 6 and 5). Comparable quantities of applied were adsorbed 
(bound and extractable) to the sediments of the nonsterile sur&ce water/sediment systems treated 
with metolachlor (29.8% and 35.8%) and atrazine (34.0% and 27.3%). A significantly (p < 0.05) 
greater percentage ofthe applied was associated with the sediments of the autoclaved 
metolachlor (44.7%) systems compared to the sediments of the autoclaved atrazine-treated surface 
water/sediment system (18%). Significantly (p < 0.05) greater quantities of metolachlor-degradates 
were detected in the water and sediment extracts of the nonsterile surface water/sediment systems 
and the autoclaved surface water/sediment system relative to the quantities of atrazine-degradates in 
those systems. Similar amounts of metolachlor- and atrazine-degradates were found (detected, 
measured) in both the water and sediment extracts ofthe nonsterile sur&ce water/sediment systems 
containing autoclaved sediments. The mineralization of metolachlor or atrazine to 'KlOj was less 
than one percent ofthe applied in the surface water and surface water/sediment systems. 
DISCUSSION 
Persistence of metolachlor or atrazine in surface water incubation systems 
Results of this study provide evidence that metolachlor degradation in surface water is 
primarily biotic. A significantly greater percentage of the applied was identified as metolachlor 
degradation products in the nonsterile surface water systems than the sterile systems. The first-
order half-life of metolachlor in the sterile surface water (97 days) was three times longer than the 
half-life of metolachlor in the nonsterile surface water (3 3 days). Photodegradation of metolachlor 
in the surface water was negligible. The half-lives of metolachlor in nonsterile surface waters 
exposed to 14; 10 (lightrdark) photoperiod and incubated without light were 33 days and 35 days, 
respectively. Several researchers have reported similar findings where aqueous solutions of 
metolachlor were relatively stable to photolysis when they were exposed to natural sunlight [9,17]. 
The morpholinone and carbinol degradates of metolachlor have been identified as sunlight 
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photoproducts [9,18], In our sui&ce water incubation systems, greater quantities of the carbinol 
and morpholinone degradates were detected in the incubation systems exposed to light, however 
they were not statistically different from quantities detected in the systems that remained in the dark. 
The carbinol and morpholinone degradates represented less than 5% of the applied '''C in the 
nonsterile or sterile systems exposed to light or incubated in the dark. 
Degradation of atrazine in water is believed to be primarily abiotic. Several studies have 
shown that atrazine, in aqueous solutions or sur&ce waters, is recalcitrant to microbial degradation 
[56] and readily degraded by photolysis (t,^ = 38-318h) [19,20]. The j-triazine ring is more 
resistant to microbial attack and is believed to be the reason for the increased persistence of atrazine 
in an aqueous environment [21, as cited by 22]. Chemical degradation has been proposed to be 
more important than biological degradation in the dissipation of atrazine from an aqueous 
environment [22]. Our findings are in agreement with the limited microbial degradation of atrazine in 
aqueous solutions, however we did not observe significant degradation of atrazine as a result of 
photodegradation. Discrepancies in the rate ofphotolysis may be the result of different light 
sources. Aqueous photolysis studies have shown the half-life of atrazine was less than one day for 
atrazine exposed to light emitted from a mercury lamp, while the half-life of atrazine in natural light 
was 33S days [23, as cited by 22]. Pape and Zabik (1970) concluded that atrazine photolysis in 
water did not occur at wavelengths above 300nm [24], The percentage of applied ''*C associated 
with atrazine degradation products (DEA, DIA, HYA, DEHYA and DIHY\.) in our nonsterile 
surface water systems (14:10 -h light:dark) were comparable to the quantities reported by Ciba in 
an aqueous photolysis study with natural light [23, as cited by 21]. 
kdsorption and degradation of metolachlor or atrazine in surface water and surface 
water/sediment incubation s^terns 
Degradation of the herbicide in the water column and adsorption of the herbicide to 
sediment are both important to the significant reduction of atrazine or metolachlor in the surface 
water/ sediment systems. The results of our study suggests adsorption was the primary factor 
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involved in the reduction of atrazine fiom the water of the nonsterile sur&ce water/ 
sediment systems, while degradation was more important in the reduction of metolachlor from the 
nonsterile surftce water/sediment systems. These trends were seen in the greater percentage of 
applied '**€ associated with the sediment ofthe nonsterile atrazine-treated system compared to the 
percentage of applied detected in the water as degradation products (Table 6). The reverse 
was observed with the nonsterile metolachlor-treated surface Avater/sediment system (Table 5). 
Microbial degradation has been reported to be the primary means of metolachlor dissipation in soil 
[11,25-27]. The results of our sterile and nonsterile surface water study provides evidence that 
microbial degradation is also an important &ctorin the dissipation of metolachlor from aqueous 
solutions. McGahen (1982) reported similar findings in nonsterile and sterile eutrophic lake 
sediments incubated under anaerobic conditions. After 56 days 79% ofthe applied '"'C-
metolachlor remained in the sediment of the sterile systems while 41% was extracted from the 
nonsterile sediment [9]. 
Metolachlor vs: atrazine 
Atrazine and metolachlor are moderately adsorbed to soil. Their water solubility (atrazine= 
33 |ig/L, at 22''C; metolachlor=530 ^ig/L at 20°C) and soil adsorption favor transport from the 
treated soil to surfece waters or subsurface soils and groundwater in the water phase [1,10,11, 
22]. Our research evaluated the persistence of metolachlor and atrazine in surface water and 
surface water/sediment systems. The calculated first-order half-life ofatrazine in the surface water 
and sur&ce water/sediment systems were 1.3 to 14 times longer than the metolachlor half-life in the 
same incubation systems. The half-life of atrazine in the nonsterile sur&ce water/sediment system 
(42 days) was similar to the calculated half-lives of atrazine in the Minnesota River in 1990 and 
1991 (21 - 58 days) [28]. The greater persistence of atrazine agrees with the findings of laboratory 
experiments and sur&ce water monitoring studies that have shown atrazine to be more mobile than 
metolachlor in soil, more persistent than metolachlor in soil and water as well as frequently detected 
and persistent in surface water [13,14,29]. Thurmanetal. (1991) reported the presence of 
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atrazine in 98% of the 149 sur&ce waters sampled. Atrazine is more frequently detected in sur&ce 
waters than metolachlor. The order of persistence from most persistent to least persistent was 
atrazine > deeti^iatrazine > metolachlor. 
CONCLUSION 
Sediment (nonsterile or sterile) significantly reduced the concentration of atrazine or 
metolachlor in the surface waters (nonsterile or sterile). The first-order half-lives of metolachlor and 
atrazine in the sur&ce water and surface water /sediment systems were 33,8, and 8 days for the 
metolachlor-treated systems and 150,42, and 117 days for the atrazine-treated systems. Atrazine 
was more recalcitrant to biolo^cal degradation in the sur&ce water systems. Metolachlor 
degradation in the surface water was mostly biotic. Dissipation of metolachlor and atrazine in the 
water of the surface water/sediment system occurred as a result ofboth adsorption and 
degradation. Adsorption was more important than degradation in the dissipation of atrazine from 
the water of the sediment systems. Degradation was favored in the metolachlor-treated surface 
water/sediment system. 
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CHAPTERS. PHYTOREMEDIATION OF HERBICIDE-CONTAMINATED SURFACE 
WATER WITH AQUATIC PLANTS 
Apaperto be submitted to the journal ofEnvimranental Toxicology and Chemistry 
Pamela J. Rice', Todd A. Anderson^ and Joel R. Coats' 
Abstract There is current interest in the use ofartificial wetlands and macrophyte-cultured ponds 
for the treatment ofagricuhural drainage water, sewage, and industrial effluents. Aquatic plant-
based water treatment systems have proved effective and economical in improving the quality of 
wastewaters containing excess nutrients, organic pollutants, and heavy metals. This investigation 
was conducted to test the hypothesis that herbicide-tolerant aquatic plants can remediate herbicide-
contaminated waters. The addition of CercacphyUum demersum (coontail, homwort), Elodea 
canadensis (American elodea, Canadian pondweed), oiLemna minor (common duckweed) 
significantly (p<O.Ol) reduced the concentration of [''^ CJmetolachlor ^lET)remaining in the 
treated water. After a 16-day incubation period, only 1.44%, 4.06%, and 22.7% of the applied 
["•CJMET remained in the water of the surface water systems containing C. demersum, K 
canadensis, ovL m/nor whereas 61% of the applied ['''CJMET persisted in the surface water 
systems without plants. C. demersum and£. canadensis significantly (p < 0.01) reduced the 
concentration of ['^ Jatrazine (ATR) in the surface water. Only 41.3% and 63.2% of the applied 
["*C] AIR remained in the water of the vegetated systems containing C. demersum and E. 
canadensis, respectively. Eighty-five percent of the applied ['*C] ATR was detected in the water of 
' Pesticide Toxicology Laboratory, Department ofEntomoIogy, Iowa State University, Ames, Iowa 
50011. 
- The Institute ofWildlife and Environmental Toxicology, Department ofEnvironmental Toxicology, 
Clemson University, Pendleton, South Carolina 29670. 
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the L. minor and nonvegetated ^sterns. Our results support the hypothesis and provide evidence 
that the presence of herbicide-tolerant aquatic vegetation can accelerate the removal and 
biotransformation of metolachlor and atrazine from herbicide-contaminated waters. 
Ko^ords Metolachlor Atrazine Submerged aquatic plants Lemna minor 
Ceratopf^ llum demersum Elexka canadensis 
INTRODUCTION 
Herbicides in surface and subsurface waters 
RunofD^erosion ofpesticides from agricultural fields is believed to be the largest contributor 
to water quality degradation in the midwestem United States. Atrazine, alachlor, cyanazine, and 
metolachlor are the m '^or herbicides used in Iowa and the Midwest [1,2], The intense use of these 
relatively water soluble and mobile compounds threatens the integrity of surface and subsur&ce 
waters [3,4], Approximately 1 to 6% of the applied herbicides may be lost to the aquatic 
environment by runoff and drainage depending on the slope ofthe field, tillage practices, presence 
or absence of subsurface drains, and the quantity and timing of rainM after application [5-7], 
Monitoring studies have detected herbicides in surface waters [3,8,9], tile-drain water and 
groundwater [5,10,11]. Goolsbyetal. [3] andThurmanetal. [8] reported frequent detection of 
metolachlor, alachlor, cyanazine, atrazine, and the atrazine degradation products deethylatrazine and 
deisopropylatrazine in rivers and streams of the midwestem United States. Atrazine and 
metolachlor were the two most frequently detected herbicides. Measurable amounts of atrazine 
were reported in 91%, 98%, and 76% of the preplanting, postplanting, and harvest surface waters 
sampled. Metolachlor was detected in 34%, 83%, and 44% of the preplanting, postplanting and 
harvest-season waters sampled, respectively. 
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Problems associated with pesticide-contaminated water 
The presence of pesticides in sur&ce water is a concern for human health and the health of 
aquatic ecosystems. Contamination of sur&ce waters with pesticides exposes nontarget 
microorganisms, plants, and animals to compounds that may have an adverse efiect on individual 
organisms or biotic communities. Aquatic insects and other aquatic arthropods are particularly 
susceptible to insecticides, whereas herbicides may suppress the growth of aquatic vegetation [12-
15]. The primary concern involving human exposure to pesticide-contaminated waters involves 
long-term exposure to low concentrations through drinking water [12]. Conventional water 
treatment processes (filtration, clarification, chlorination, softening, and recarbonation) do little to 
reduce the levels ofpesticides in drinking water [12,16,17], Pesticide concentrations are 
significantly reduced only when advanced processes such as ozonation, reverse osmosis, or granular 
activated carbon are used. In areas where water treatment facilities lack advanced treatment 
processes, the concentration of pesticides in the finished drinking water will be similar to the 
concentrations found in the surfece water or groundwater source [16]. 
Phytoremediation of contaminated water 
There is current interest in the use of artifidal wetlands and macrophjrte-cultured ponds for 
treating wastewater (agricultural drainage water, sewage, and industrial efiSuents) [18-22]. Aquatic 
plant-based water treatment systems have proved to be effective and economical in improving the 
quality of wastewater effluents [23-26]. Floating and emergent aquatic plants including wato* 
hyacinth (Eichhomia crassipes Mart.), elodea (Egeria densa P.), duckweed {Lemna and 
Spirodela spp.), pennywort (Hydrocotyle umbellata L.J, common arrowhead (Sagittaria htifolia 
L.), common reed (Phragmites australis), and pickerelweed (Pontederia cordata L.) reduce the 
levels of total suspended solids and nutrients (N and P) in wastewater by solid filtration, nutrient 
assimilation, and microbial transformation [ 18-27], In addition, aquatic plants and thdr associated 
microbiota have contributed to the removal and biotransformation of xenobiotic compounds fi-om 
contaminated waters and sediments. Microbiota of cattail roots (Typha latifolia L.) and duckweed 
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plants (L minor) accelerate the biodegradation of surfactants [28], Curly leaf pondweed 
(Potamageton crispusL.), common duclcweed (£. minor), and their epiphytic microbes 
contributed to the removal and d^radadon of pentachlorophenol from a stream, and various 
duclcweed plants {Jjemna and Spirodela spp.) have been shown to accumulate metals (aluminum, 
cadmium, copper, lead, and mercuiy) from aqueous solutions [29-31], 
Previous research provides evidence that aquatic plants can remediate wastewaters 
containing excess nutrients, organic pollutants, and heavy metals. This investigation was conducted 
to test the l^pothesis that herbicide-tolerant aquatic plants can remediate herbicide-contaminated 
waters. Experiments were setup to evaluate the ability of two submerged aquatic plants 
{Ceratophyllum demersum L. endElodea canadensis Rich.) and one floating aquatic plant 
(Lemna minor L) to remediate metolachlor or atrazine contaminated waters. Metolachlor [2-
chloro-i^-(2-etItyl-6-methylphenyl)-A^-(2-metho>^-l-metltyIethyl)acetamide] controls annual grass 
weeds and broadleaf weeds in com, soybeans, peanuts, and potatoes by inhibiting protein synthesis 
in the susceptible weeds. Atrazine [6-chloro-A^thyl-A''-(l-methylethyl)-l,3,5-triazine-2,4-
diamine] inhibits photosynthesis of susceptible grassy and broadleaf weeds in com, sorghum and turf 
grass [32]. Our results support the hypothesis and demonstrate the presence of herbicide-tolerant 
aquatic vegetation can accelerate the removal and biotransformation of metolachlor and atrazine 
from herbicide-contaminated waters. 
MATERIALS AND METHODS 
Chemicals 
Metolachlor [2-chloro-^-(2-ethyl-6-methylphenyl)-^-{2-metho}q^-1-
methylethyl)acetamide] (CGA24705,97.3 % pure); [U-ring-'''C]metolachlor (['''C]MET) (98.9% 
pure); the metolachlor degradates ^ -(2-ethyl-6-methylphenyl)-2-hydroxy-A^-(2-methyIethyI)-
acetamide (CGA 40172,98.4% pure) and 4-(2-ethyl-6-methylphenyl)-5-methyI-3-morpholinone 
(CGA 40919,99.8% pure); [U-ring-'^ CJatrazine (["'C]ATR) (98.2% pure); [U-ring-
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'*C]deethylatrazine (94.8% pure); [U-ring-'^ jdeisopropjdatrazine (92.9% pure); [U-ring-
'"'CldideallQlatrazine (98.8% pure); and [U-ring-''^ ]hydrojqratrazine (97.5% pure) were gifts from 
the Ciba-Geigy Corporation, Greensboro, NC. 
Surface water and aquatic plant sample collection 
Surface water and aquatic plants Lemna minor L. (common duckweed), Elo<ka 
canadensis Rich. (American elodea, Canadian pondweed), and Ceratophyllum demersum L. 
(coontail, homwort) were collected from the Iowa State University Horticulture Station Pond, 
Ames, Iowa. The aquatic plants were seleaed as a result of their abundance and availability. Pond 
water samples were collected in sterile 4-L bottles and stored at 4 2°C. Aquatic plants were 
collected and maintained, at 25 :i: 2°C, in aquaria containing distilled water and Hoagland's nutrient 
solution with a 14:10 (L:D) photoperiod. 
Ejqterimental design 
Experiments were conducted to evaluate the degradation of metolachlor or atrazine in 
vegetated- and nonvegetated-suifrice-water incubation systems. Each experimental variation 
[herbicide (metolachlor, atrazine) x aquatic plant (L minor, E. canadensis, C. demersum) xi3a& 
duration of the incubation period (0-16 days)] was replicated a minimum of three times. Analysis of 
variance and least square means determined significance between treatments. 
Surface water/plant incubation systems 
French square bottles were filled with 150 ml of a water solution containing pond water/ 
Hoagland's nutrient solution/ultra-pure water (1:1:4 v/v/v). A pond water/Hoagland's nutrient 
solution/ultra-pure water mbcture was used rather than 150 ml of pond water in order to make the 
study more reproducible for other researchers. ['"CIMET or ["C] ATR was added to the water at a 
rate of200 ^ g/L. This rate was chosen to represent a runoff concentration and to ensure there was 
enough radioactivity for the detection of metabolites. Aquatic plants (3 g) were added to 150 ml of 
the treated water solutions and placed in a temperature-controlled room set at 25 ± 2°C with a 
14:10 (L:D) photoperiod. Three replicate vegetated- and nonv^etated-incubation systems were 
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dismantled on each of the designated incubation days. The herbicides and their degradates were 
extracted from the water solutions and the plant tissues, and a mass balance was determined. 
Water extraction and analysis 
At the completion of each test, the aquatic plants were removed from the water solutions by 
using vacuum filtration and were rinsed with ultra pure water. The plant rinsate was added to the 
filtrate. A portion ofthe treated water was counted with a liquid scintillation spectrometer to 
determine the quantity of radioactivi^ remaining in the water. The herbicides and herbicide 
degradates were removed from the remaining water with a solid phase extraction (SPE) process. 
SupelcleanEnvi-18™ 6-cc solid phase extraction cartridges (Supelco, Inc., Bellefonte, PA) were 
positioned on a 12-port Visiprep Solid Phase Extraction Vacuum Manifold™ (Supelco, Inc., 
Bellefonte, PA) and activated with 18 ml (3 column volumes) of certified eth^d acetate followed by 
18 ml ofcertified methanol and finally 18 ml of ultra-pure water. The water samples were drawn 
through the activated cartridges by using an q}plied vacuum (SO kPa). Once the entire sample had 
been drawn through the extraction cartridge, the packing was dried by drawing air through the 
cartridge for approximately 15 minutes. The cartridges were eluted with 10 ml certified methanol 
followed by 5 ml of certified ethjd acetate. The radioactivity of the effluent (post-SPE water 
sample) and the methanol and ethyl acetate eluates was determined with liquid scintillation 
techniques. The quantity of metolachlor, atrazine, and their degradates in the methanol eluates were 
characterized by thin layer chromatography (TLC). 
Plant extraction and analysis 
Plant tissues were extracted three times with certified methanol. The volume of the extract 
was reduced with a rotary evaporator and the plant extracts were characterized by TLC. Dry-
extracted plant tissues were mixed with hydrolyzed starch and combusted in a Packard sample 
oxidizer (Packard Instrument Co.) to determine the activity ofthe nonextractable residues. The 
'"COj produced from the combusted plant material was trapped in Carbo-Sorb E and Permafluor 
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V (Packard Distnunents Co.). liquid sdntillation spectroscopy was used to quandfythe 
radioactivity in the plant extracts and the combusted plant tissues. 
Thin-layer chromatography 
A portion of the methanol duates from the water samples or plant extracts, representing 
70,000 dpm (0.03 ^ iCQ, was concentrated under nitrogen in a warm-water bath. ['^ ]MET, N-(2-
ethyI-6-methylphertyO-2-hydro>^-AK2-methylethyl)-acetamide,4-(2-etJtyI-6-meth>dphertyl)-5-
methyl-3-morpholinone and the water and plant extracts from the metolachlor-treated systems were 
spotted on 20-cm by 20-cm glass plates containing a 2S0-^m layer of normal-phase silica gel 60 F-
254. The TLC plates were developed in a hexane/methylene chloride/ethyl acetate (6:1:3 v/v/v) 
solvent system [33]. ['"^JATR, [U-ring-''*C]deethylatrazine, [U-ring-"*C]deisopropylatrazine, [U-
ring-''*C]didealkylatrazine, [U-ring-''*C]hydroxyatrazine, and the reduced water and plant extracts 
from the atrazine-treated systems were spotted on normal phase silica gel plates and developed in a 
chloroform/methanol/formic acid/water (100:20:4:2 v/v/v) solvent system (Ciba-Geigy). An 
ultraviolet lamp (254 nm) was used to locate the nonradiolabeled standards and the location of the 
radiolabeled standards and extracted compounds was determined by autoradiography using Kodak 
X-Omat™ diagnostic film (Eastman Kodak Co., Rochester, NY). The silica gel of each spot was 
scrapped into vials containing 5 ml of Ultima Gold™ scintillation cocktail (Packard Instrument Co., 
Downers Grove, IL) and the radioactivity in each sample was quantified on a liquid scintillation 
spectrometer. The '"'C mass balance was determined for each system. Percentage of applied '^ 'C in 
the degradation products was summed and reported as the percentage of applied "*C associated 
with total degradation products in the water or plant extracts. A report of the individual degradation 
products and the percentage of applied '"'C associated with the individual degradation products will 
not be discussed in this chapter. Information regarding the degradation products will be written in a 
paper to be submitted to the journal of Environmental Toxicology and Chemistry. 
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RESULTS 
Reduction of metoiachlor and atradne in the water of the vegetated incubation systems 
The concentrations of ['X^]MET and ATR were agnificantly reduced (p < 0.01) in the 
water of the v^etated sur&ce water incubations systems. After 16 days, 22.7%, 4.06%, and 
1.44% of the applied p^]MET remained in the water of the vegetated incubation systems that 
contained L minor (common duckweed), E. canadensis (American elodea), and C. demersum 
(coontail), respectively ^gure 1). Sixty-one percent ofthe applied ['^ ]MET was detected in the 
water ofthenonvegetated incubation systems. The quantity ofthe that remained in the 
water of the atrazine-treated £1 canadensis (63.2%) and C. demersum (41.4%) vegetated 
incubation systems were significantly {p < 0.01) reduced compared with the nonvegetated 
incubation systems (85.0%) (Figure 2). The water of theZ. minor incubation systems (84.9%) 
contained levels of p^JATR comparable to the concentrations found in the water ofthe 
nonv^etated incubation systems (85.0%). Half-lives of ["HIIjMET and ATR in the water of 
the vegetated and nonvegetated incubation systems were calculated assuming first-order reaction 
kinetics (Table 1). The significant reduction in the concentration of['X^]MET and ["QATR in the 
water of the vegetated incubation systems may be the result of 1) the herbicide attaching to the 
sur&ce ofthe plant, 2) the accumulation, sequestering, and degradation of the herbicide in the plant, 
or 3) the degradation of the herbicides in the water. 
Plant uptake of'*C 
Replicates ofthe metoiachlor- or atrazine-treated vegetated incubation system containing 
either L minor or C. demersum were extracted and analyzed immediately following the herbicide 
treatment (day 0) and 4,8,12, and 16 days after the addition of the herbicide. Vegetated 
incubation systems containing E. canadensis were extracted and analyzed on day 0,4, and 16. 
After 16 days, less than 25% of the applied '"C was detected in the L. minor, E. canadensis, or C. 
demersum plants of the metoiachlor- or atrazine-treated vegetated incubation systems (Tables 2 
and 3). Significantly greater quantities of'^ C were associated with the plant tissues ofthe 
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Figure 1. Percentage of applied {'''CJmetolachlor remaining in the water of the nonvegetated- and v^etated-surface water 
incubation systems after 16 days. 
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Figure 2. Percentage of applied ['''CJatrazine remaining in the water ofthe nonvegetated- and vegetated-surface water incubation 
systems after 16 days. 
Table 1. First-order half-lives of metolachlor and atrazine in the water of the nonvegetated- and 
vegetated-surface-water incubations systems 
Incubation system 
Half-life (days)* 
Metolachlor Atrazine 
Nonvegetated 32 (r^=0.83) 144 (r2= 0.76) 
Vegetated - Lemna minor 8 (r2=0.95) 78 (r2=0.45) 
Vegetated - Elodea catiadensis 3 (r^=0.99) 25 (r^=0.93) 
Vegetated - Ceratophyllum demersum 3 (r^=0.61) 12 (r^=0.73) 
'The half-lives were calculated assuming first-order reaction kinetics. The natural log of the percentage 
of applied ['^ C]metolachlor or ['''Clatrazine remaining in the water was plotted with time (days). Half-
lives were calculated based on the percentage of applied ['^ C]metolachtor or ['Xiljatranne remaimng 
in the water. The rates of metolachlor or atrazine metabolism, plant uptake, and the release of the 
parent compound or its metabolites from the plant are not known. The calculated half-lives do not 
reflect this rate data. 
Table 2. Mass balance of the metolachlor-treated nonvegetated- and vegetated-surface-water 
incubation systems after sixteen days. 
Water Plant 
["C]MUT* (''ClDcgiailatcs Tolal ("C) 
Incubation system (%)'' (%)•• (%)'" 
Nonvcgelated 61.2±2,29 19.9±2,20 81.1^0.10 
Vegetatcil - /.. minor 22.7 ± 1.30 56.2 ±0,37 78.8 i 1.64 
Vegetated - E. canadansls 4.06 ± 0.79 53.7 ± 3.5 i 57.7 ±4.15 
Vegetated - C. t/cinersiiin 1.44 ± 0.07 71.4 ± 2.09 72.9 ± 2.16 
Mass balance 
Kxtractable Unextractable 
('^C]Dcgradatest''Cinonnd Total ['^C] Total I'^C] 
(%)•• (%)•• (%)•• (%)" 
81.1 dh 0.10 
0.43 J: 0.47 3.19 ±2.18 3.95 ± 1.80 7.57 ±0.09 86.4 ±1.73 
0.60±0.52 9.83 ±1.41 9.91 ±1.71 20.3 ±3.07 n.\±1.22 
0.02 ±0.02 20.9 ±2.34 2.20 ±0.25 23.2 ±2.18 96.0 ±4.34 
'['••CIMET = ['^C]n>clolacliIor. 
'•(%) = percentage of applied '^C. 
Table 3. Mass balance of the atrazine-treated nonvegetated- and vegetated-surface-water incubation systems after sixteen days. 
Water Plant Mass balance 
liKtractable Unextractable 
['^CJATR' ['•'CJDcgradates Total I'^C) ['^CIATR* ['^ClDcgradates ('^ClBound Total C^C] Total [''CI 
Incubation system (%)" (%)- (%)- (%)'• (%)" (%)" (%)- (%)" 
Nonvegetated 85.0 ±2.98 8.83 ±3.71 93.9 ±.'>.19 93.9 ±5.19 
Vegetated - /.. minor 84.9 ±3.73 12.0 ± 1.87 97.0 ± 3.00 0.64 ±0.48 0.35 ±0.42 0.22 ±0.11 1.21 ±0.05 98.2 ±3.05 
Vegetated - K. caiitulemls 63.2 ±3.84 11.4 ±2.78 74.6 ±3.31 7.90 ± 1,24 2.33 ±1.03 1.47 ±0,42 n.7± 1.06 86.3 ±4.37 
Vegetated - C. demersiim 41.3 ± 14.0 46.1 ± 11.3 87.5 ±3.19 1.82 ±2.75 4.97 ±2.38 2.44 ± 0,86 9.23 ± 1.17 96.7 ± 4,36 
'C^CJATR = ['^CJatrazine. 
••(%) = percentage of applied '"'C, 
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metolachlor-treated systems compared with the atrazine-treated systems (p < 0.01), which may be 
the result of the greater water solubility of metolachlor (metolachlor=530 mg/L at 20°C, atrazme= 
33 mg/L at 2TC). Metolachlor may be more bioavailable and more readily absorbed and 
translocated in plants than atrazine as a result of its increased water solubility. Plants ofthe 
metolachlor-treated L minor, E. canadensis, and C. demersum systems contained 7.57 ± 0.09%, 
20.3 ±3.07%, and 23.2 ± 0.02% ofthe applied '''C after 16 days. Aquatic plants from the 
atrazine-treated systems contained 1.21 ±0.05%, 11.7± 1.06%, and 9.23 ± 1.17% ofthe applied 
'•*0 in the Z. minor, E. canadensis, and C. demersum systems, respectively. Based on the results 
of our investigation and the assumption that there was no rapid and significant plant uptake, 
metabolism, and release ofthe herbicide degradation products from the plant into the water 
between the extraction intervals (days 0,4,8,12, and 16), plant uptake of'"C bythe aquatic 
vegetation did not, by itself, account for the significant reduction in the concentrations of ['"CJMET 
detected in the water ofthe vegetated incubation systems. Examination of the data presented in 
Figure 3 shows the summation of the percentage of applied ["^]MET remaining in the water of the 
vegetated incubation systems plus the percentage of the applied associated with the plant tissues 
(extractable and nonextractable) represents a significantly smaller {p < 0.01) portion ofthe applied 
herbicide than the percentage of applied ['""CIMET remaining in the water ofthe nonvegetated-
incubation systems. Similar results were seen in the atrazine-treated C. demersum system (Figure 
4). These results suggest the significant {p < 0.01) reductions of ['"CJMET in the water ofthe Z. 
minor, E. canadensis, and C. demersum systems and ['"C] ATR in the water of the C. demersum 
system did not occur predominantly as the result of plant uptake and the sequestering ofthe 
herbicide in the plant. Additional factors such as the degradation of the herbicide in the water or the 
degradation of the herbicide in the plant and the subsequent release of the herbicide and degradates 
into the water seem to be more important. Addition ofthe ""C percentage in the E. canadensis to 
the percentage of ['"*€] ATR in the water of the E catiadensis system was not significantly diflferent 
from the percentage of ["ClATR remaining in the water ofthe nonvegetated system. This suggests 
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Figure 4. Significance of plant uptake in the reduction of ['^C]atrazine from the water of the vegetated incubation systems. A 
comparison of the percentage [''^]atrazine remaining in the water of the nonvegetated incubation system with the sununation of the 
percentage ['''CJatrazine in the water of the vegetated incubation system and the percentage '^C in the plant. 
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that the accumulation ofin the K canadensis and the degradation of ATR in the water 
were equally important to the significant reduction of ['^ jATR. 
Degradation of metolachlor and atrazine in the water and plant tissues 
Metolachlor, atrazine, and a number of the degradation products ofmetolachlor and atrazine 
were detected in the water extracts and plant extracts of the metolachlor- or atrazine-treated 
vegetated incubation systems. In the metolachlor-treatedZ. minor, E. canadensis, and C. 
demersum systems, the plant extracts and the water extracts contained significantly (p < 0.01) 
greater quantities of total (metolachlor and degradates) (Jines) than p''C]MET (bars) (Rgure 5). 
The significantly reduced quantities of ['"HZJMET relative to the total measured in the water and 
plant extracts and the detection of metolachlor degradates in these extracts indicate that the 
significant reduction (p < 0.01) of the ['''C]MET in the water of the vegetated systems occurs, in 
large part, as a result of degradation. The presence ofherbicide degradates in the water and plant 
extracts may result fi'om 1) the degradation of the herbicide in the water, 2) the degradation ofthe 
herbicide in the plant, 3) the degradation ofthe herbicide in the water and the accumulation ofthe 
herbicide degradates in the plant, or 4) the degradation of the herbicide in the plant and the release 
of the herbicide degradates into the water. Results fi'om these vegetated incubation studies cannot 
definitively determine the location of the herbicide degradation. Our data (Table 2) show 
significantly greater quantities of metolachlor degradates were found in the water fiaction ofthe 
vegetated-incubations systems compared with the quantity of total •''C detected in the plants (p < 
0.01). The percentage of applied '"*0 associated with the metolachlor degradates in the water ofthe 
vegetated incubation systems were at least 2.5 times greater than the percentage of applied "C 
detected in the plants (extractable and nonextractable) throughout the duration ofthe incubation. 
Less than twelve percent of the '"C associated with the plant extracts was identified as ['"CIMET. 
This represents less than one percent of the total applied ['"'CIMET. These results suggest that 
either 1) the majority of the [''•C]MET degradation occurred in the water of the metolachlor-treated 
vegetated incubation system or 2) the herbicides were rapidly taken up into the plants, metabolized. 
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and release into the water solution within the 4-day intervals between the extraction and analysis of 
the incubation systems. Additional experiments need to be conducted in order to determine if the 
herbicides are degraded by microoi;ganisms in the water or transformed in the plant and released 
into the water. Li the vegetated and nonv^etated incubation systems we did not account for the 
mineralization of metolachlor or atrazine to COj. Between 78% and 98% of the applied 
radioactivity was recovered in the metolachlor- and atrazine-treated systems (Tables 2 and 3). 
The degradation of ['"^JATRin the vegetated incubation systems primarily occurred m the 
water phase. With one exception (the day-four water extract in the atrazine-treated K canadensis 
systems), the percentage of applied ["C] ATR (fiors) remaining in the water ofthe vegetated 
incubation systems was significantly less than the percentage ofthe total (atrazine and degradates 
combined) {Jines) remaining in the water ip^ 0.02) (Figure 6). Less than 12% of the applied '"'C 
was found in theZ. minor, E. canadensis, and C. demersum plants throughout the duration ofthe 
incubations. The levels of ATR detected in the plant extracts were not significantly different 
fi-om the total (extractable and nonextractable) measured in the plants. This indicates that the 
degradation of ['"K^jATR. in the plants was minimal, assuming the plant uptake, metabolism, and 
release of atrazine transformation products was minimal during the 4-d time intervals between the 
extraction and analysis of the 0,4,8,12, and 16-d incubations systems. \^th the exception of the 
E. canadensis system, the water of the atrazine-treated vegetated incubation systems contained a 
significantly (p < 0.01) greater quantity of atrazine degradates than the total quantity of'KT that was 
detected in the plants (extractable and nonextractable) (Table 3). The quantity of atrazine 
degradates in the water of the L. minor and C demersum systems was ten times and five times 
greater, respectively, than the quantity of '"C detected in theZ. minor and C. demersum plants. 
These data suggest ['"C] ATR was predominately degraded in the water rather than in the aquatic 
plants. The absence of a large accumulation ofinto the plants preceding a significant decrease in 
the quantity of radioactivity detected in the plant (extractable and nonextractable) suggests that the 
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degradation of atrazine and metolachlor occurred mostly in the water phase of the incubation system 
rather than in the plant. 
Atrazine versus metolachlor 
When we compare the atrazine-treated vegetated and nonv^etated systems with the 
metolachlor-treated vegetated and nonvegetated systems, a greater percentage of the applied 
herbicide ATR or ['^ ]MET) persisted in the atrazine systems compared with the metolachlor 
systems (Figures 1 and 2, Tables 2 and 3). Agreater percentage of the applied herbicide was 
characterized as degradates in the water and the plant extracts of all three metolachlor-treated 
vegetated systems relative to the corresponding atrazine-treated systems (Tables 2 and 3). In 
addition, metolachlor and/or metolachlor degradates were more readily taken up into the plant or 
attached to the sur&ce of the plant (total '''C in the plant) than atrazine and its degradates. Based 
on this investigation, metolachlor was more readily degraded than atrazine. These results agree with 
the monitoring studies of Goolsby et al. [3] and Thurmanetal. [8];thQr reported that atrazine was 
more persistent than metolachlor, alachlor, or cyanazine in the surface waters of the midwestem 
United States. 
C demersum versus E. canadensis versus L. minor 
The presence of plants and the type of plant can make a significant difiference in the quantity 
of metolachlor or atrazine that remains in the water. Our investigations demonstrated, with the 
exception ofthe atrazine-treated L minor system, that the presence of aquatic plants significantly (p 
<0.01) reduced the concentration of['^ C]MET and['''C]ArR in the herbicide-contaminated 
waters (Figures 1 and2). Lack ofasignificant difference in the concentration of["C]ArRintheL 
minor incubation systems compared with the nonvegetated system may be attributed to the 
phytotoxicity of atrazine to the L minor [34,35]. C. demersum was superior in the remediation of 
the metolachlor- and atrazine-contaminated waters. The herbicide-reduction eflSciencies of the 
aquatic plants were, fi-om most efficient to least efficient, C. demersum > K canadensis > L. 
minor for both the metolachlor- and atrazine-treated systems. Degradation seems to be the 
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predominant &ctor involved in the high herbicide-reduction efBciency of the C. demersum system. 
The quantities of atrazine and metolachlor degradates detected in the water of the vegetated 
incubation systems were, in descending order, C. demersum > L. minor=E. canadensis. The 
accumulation of the herbicides in C demersum seemed to play a secondary role to degradation. 
Herbicide accumulation in the plants followed the order of C. demersum = E. canadensis > L 
minor for the metolachlor- and atrazine-treated systems. This may be related to the surface area of 
the plant exposed to the herbicide-contaminated water. Both the C. demersum and E. canadensis 
are submerged aquatic plants whereas L. minor is a free-floating aquatic plant. The submerged 
aquatic plants would have a greater surface area exposed to the herbicide in relation to the floating 
L minor. 
Microbial degradation and epiphytic microorganisms 
Additional experiments were conducted to study the influence of plant-associated 
microorganisms on the degradation of metolachlor and atrazine in surface waters. One hundred and 
fifty ml of the pond water/Hoagland nutrient solution/ultra-pure water solution was autoclaved at 
120°C for one hour on two consecutive days. Aquatic plants (3 g) were added to each bottle and 
incubated at 25°C with a 14:10 (L:D) photoperiod for 14 days. On the fifteenth day, the aquatic 
plants were removed from the test systems. Half of the incubation chambers were autoclaved 
(120°C for one hour on two consecutive days) before the addition of200 ng/1 ["'CJmetolachlor or 
["C]atrazine (sterile system). The remaining half of the test systems were treated with the herbicide 
immediately following the removal of the plant (microbial system). The treated surface waters were 
incubated for an additional 16 days. At the completion of the incubation period the surface water 
samples were extracted and analyzed as previously described. Comparisons were made between 
the vegetated (previous study), microbial, and sterile incubation systems (Figures 7 and 8). The 
greatest dissipation of metolachlor or atrazine from the surface water occurred in the vegetated 
incubation systems. Metolachlor and atrazine concentrations were significandy reduced in the 
microbial incubation systems of the metolachlor-treated K ccoiadensis systems and the 
nonvegetated E. canadensis C demersum 
Incubation system 
• plant 
• microbial 
• sterile 
Figure 7. Persistence of metoiachlor in nonvegetated, vegetated, microbial, and sterile surface water incubation systems. 
nonvegetated E. canadensis C. demersum 
Incubation system 
• plant 
• microbial 
• sterile 
Figure 8. Persistence of atrazine in nonvegetated, vegetated, microbial, and sterile surface water incubation systems. 
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metolachlor- or atrazine-treated C. demersum systems compared with the sterile systems. 
However, the percentage of metolachlor or atrazine in the water ofthese microbial ^ ons were not 
statistically different than the percentage of metolachlor or atrazine remainmg in the nonsterile 
nonv^etated systems. The data from this e3q)eriment do suggest metolachlor and atrazine 
dissipation occurred as a result of microbial processes, however, we can not determine if the 
degradation was the result of q)iplQtic microorganisms associated with the plants or from the 
microbial population that existed in the nonsterile sur&ce water. 
DISCUSSION 
The purpose ofour investigation was to evaluate the abflity of aquatic plants to remediate 
herbicide-contaminated waters. Our results demonstrated the presence of herbicide-tolerant 
aquatic plants contributed to the accelerated dissipation of metolachlor and atrazine in the surface 
water incubation systems. 
Aquatic plants can contribute directly or indirectly to the removal of pollutants from water 
and sediment. Direct interaction of the plant and contaminant would include the uptake and 
accumulation or metabolism of the xenobiotic compound within the plant. Research has shown 
plants contain enz^es that transform and conjugate organic contaminants [36-3 8], Herbicides that 
are absorbed by herbicide-resistant plants can be transformed and conjugated by these enzymes to 
degradation products that may be stored in the vacuoles or cell walls ofthe plant cells [36,39] or 
desorbed from the plant back into the water. The tolerance of plants to metolachlor is often 
dependent on the plants ability to rapidly conjugate metolachlor. In most cases, atrazine-resistant 
plants contain a different amino acid in the photosynthetic protein that will interfere with atrazines 
ability to dismpt electron flow [32], 
The dissipation of contaminants from water or sediment can be indirectly affected by plants 
as a result ofthe accelerated biodegradation of the compound in the phyllosphere or riiizosphere. 
Plants provide a &vorable surface for the attachment of microorganisms [40-42], and they supply 
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organic mitrients to q)iphytic microorganisms, in the form of photosynthates and exudates, v^ch 
stimulate microbial growth in the phyllosphere and rhizosphere [42,43], In addition, certain plants 
can transport o^Q^gen to anaerobic sediments and anoxic waters, which create oxidized 
microenvironments that stimulate the microbial degradation of organic substances [44,45]. 
The presented data provide evidence that enhanced d^radation is the predominant factor 
involved in the significant reduction of metolachlor and atrazine fi-om the waters ofthe vegetated 
incubation systems. The sequestering ofthe atrazine or metolachlor or their degradation products in 
the plant was minimal. Additional experiments need to be conducted to determine if the accelerated 
degradation occurs as the result of degradation in the plant or as a result of enhanced 
biodegradation associated with epiphytic microorganisms in the phyllosphere or rhizosphere. 
Results of this investigation are similar to other phytoremediation studies that report the major 
mechanism of pollutant removal was the enhanced degradation [28,50]. 
Metolachlor was more readily degraded than atrazine in the nonvegetated and vegetated 
systems. Atrazine may be more recalcitrant to degradation as a result of its chemical structure or 
bioavailability to microorganisms or plants. Metolachlor has been shown to be primarily degraded 
by microorganisms in sediments [10] and a number of metolachlor degradation products were 
detected in microbial cultures [47,48], Laboratory studies have shown that atrazine, in surfece 
water samples or aquatic solutions, was recalcitrant to microbial degradation [49]. Metolachlor is 
more water soluble than atrazine. The greater solubility of metolachlor may account for the 
increased percentage of applied '^ C detected in the plants ofthe [''*C]metolachlor treated systems 
compared with the ['•*C]atrazine treated systems. An increase in plant uptake and bioavailability of 
metolachlor to the plants and epiphytic microorganisms may contribute to the more rapid 
degradation of metolachlor compared with atrazine. 
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CONCLUSIONS 
Our researdi has demonstrated aquatic vegetation may be used to remediate herbicide-
contaminated waters. With the exception of the atrazine treated!, minor system, concentrations of 
['•*C]MET or ATR were significantly (p < 0.01) reduced in the water of the vegetated 
incubation systems after 16 days. In both the metolachlor- and atrazine-treated systems, the 
herbicide-reduction efficiencies ofthe aquatic plants were, from most efficient to least efficient, C 
demersum>R canadensis>L. minor. The results ofour investigation suggest the significant 07< 
0.01) reductions of ['^ ] ATR in the water of the C. demersum system and ['^ ]MET in the water 
of the L. minor, E. canaden^'s, and C. demersum systems did not occur predominantly as the 
result of the absorption and sequestering ofthe herbicides and their transformation products in the 
plants. Accelerated biodegradation seems to be more important then plant accumulation and 
storage to the enhanced dissipation of metolachlor and atrazine from the water ofthe vegetated 
systems. Additional experiments need to be conducted with sterilized and non-sterilized plants to 
determine if the accelerated degradation ofthe herbicides were the result ofxenobiotic metaboh'sm 
in the plant or the enhanced biodegradation ofthe herbicides in the water do to increased microbial 
populations in the phyUosphere or rhizosphere of the aquatic plants. 
Practical ^plication of this research would be the construction ofwetlands and 
macrophyte-cultured ponds for the phytoremediation of agricultural-drainage effluents from field 
runoff and tile drains. These aquatic macrophyte ^stems would provide a relatively maintenance-
free and cost-effective means of remediating contaminated effluents before their release into 
streams, rivers, and lakes. Phytoremediation of wastewater effluents can reduce the levels of 
contaminants that enter natural waters, which would lessen the adverse impact of pollutants on 
aquatic ecosystems, remove unwanted nitrates, and pesticides from surface drinking water sources, 
and help meet public demands for higher water quality. 
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GENERAL CONCLUSIONS 
Metolachlor and atrazine are two of the most widely used herbicides in the Midwest. 
Detection of these herbicides in drinking water resources (groundwater and surface water) 
have increased interest in the environmental fate of these compounds in soil, surface water, 
and groundwater [3,31]. Pesticides may be deliberately applied to soil in an attempt to 
control pests or inadvertently reach soil during spills. The persistence of a compound and its 
adsorption to soil are the two most important factors related to the off-site movement of 
pesticides from the soil to groundwater or surface water. The aim of my research was to 1) 
study the environmental fate of metolachlor in soil and evaluate its potential to become a 
groundwater contaminant and 2) investigate the persistence of metolachlor and atrasdne in 
surface water and evaluate the ability of aquatic plants to remediate pesticide-contaminated 
waters. 
Environmental Fate of Metolachlor in Soil 
Soil incubation experiments were conducted to evaluate the influence of soil depth and 
soil moisture on the persistence and degradation of metolachlor. In addition, undisturbed soil 
columns were treated with metolachlor to study its mobility through the soil profile and its 
potential to leach to groundwater. Metolachlor was more persistent in subsurface soils than 
surface soil, regardless of soil moisture or herbicide concentration. Greater quantities of 
bound residues and extractable degradation products were found in the surface soils as a 
result of the increased microbial activity associated with soil containing more organic matter. 
Saturated soil favored degradation and the formation of bound residues compared to 
unsaturated soil. In the undisturbed soil columns metolachlor was transformed in the soil to a 
number of degradation products. Small quantities of metolachlor and a number of 
degradation products were detected throughout the soil profile and in the leachates. These 
results provide evidence that metolachlor and a number of metolachlor degradation products 
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are capable of becoming groundwater contaminants. 
Persistence of Metolachlor and Atrazine in Surface Water and the Remediation of 
Herbicide-Contaminated Water with Aquatic Plants 
Metolachlor- and atrazine-treated surface water, surface water/sediment, and surface 
water/aquatic plant incubation systems were studied to evaluate 1) the persistence of 
metolachlor and atrazine in surface water, 2) the influence of sediment on the persistence of 
metolachlor and atrazine in surface waters, and 3) the remediation of metolachlor- or atrazine-
contaminated surface water with floating and submerged aquatic plants. The half-lives of 
metolachlor and atrazine in the surface water were 32 and 144 days. The addition of sediment 
significantly reduced the quantity of metolachlor and atrazine found in the water. After 60 
days, water from the metolachlor- or atrazine-treated surface water/sediment systems 
contained 2% and 27% of the applied herbicides while the surface water systems without 
sediment contained 31% and 78% of the applied herbicides, respectively. The results of the 
surface water/aquatic plant systems clearly demonstrated submerged aquatic plants can 
remediate herbicide-contaminated water. After 16 days, 1.44%, 4.06% and 22.7% of the 
applied metolachlor remained in the water of the surface water systems containing C. 
demersim, E. canadensis, OTL. minor while 74% of the applied metolachlor was detected in 
the surface water systems without plants. C. demersim and E. canadensis significantly {p < 
0.01) reduced the concentration of atrazine in the surface water. The calculated half-lives of 
atrazine were 12 days and 25 days for the systems containing C. demersim and E. canadensis 
and 144 days for the nonvegetated incubation systems. Previous research has shown artificial 
wetlands and macrophyte-cultured ponds have contributed to the remediation of sewage and 
industrial effluents by removing excess nutrients, organic pollutants, and heavy metals [63, 
64]. Results of our research suggests macrophyte-cultured ponds may also be used to reduce 
the levels of herbicides in surface runoff and tile drain waters before they enter rivers and 
streams. 
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